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Regulatory  genes  of  HIV-1,  HIV-2,  and  SIV  are  important  in 
modulating  virus  infection  and  infection  and  transmission  in  vivo. 
Viral  proteins  R.  (VPR)  and  X  (VPX)  and  the  negative  factor  (NEF) 
are  three  of  the  least  well  characterized  regulatory  proteins. 
Identification  of  their  functions,  their  mechanisms  of  actions, 
and  structure-function  relationships  of  each  protein,  in  vitro  and 
in  vivo  will  assist  in  our  understanding  of  the  pathogenesis  of 
HIV  induced  disease.  This  information  will  be  critical  in  defining 
therapeutic  approaches  to  suppression  HIV-1  infection,  replication, 
and  transmission. 
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The  current  study  examined  the  functions  of  the  Ypr,  Vpx,  and  Nef  regulatory 
proteins  of  human  iirnunodeficiency  viruses.  Vpr  was  found  to  be  iirpcrtant  far 
productive  infection  of  monocytes  by  HIV-1  but  could  be  replaced  by  Vpu.  Several 
Vpr  mutants  have  been  constructed  in  viral  clones  and  expression  vectors  and  a  Vpr 
antibody  raised  far  further  structure-function  studies  of  this  protein.  Vpr  was 
shown  to  be  packaged  into  virus  particles,  and  this  required  only  the  Gag  proteins 
of  K3V-1.  Ihe  C-terminus  of  the  Pr55  Gag  precursor,  which  includes  the  p6  domain, 
was  necessary  and  sufficient  far  Vpr  incorporation  into  the  virus  particle. 
Cellular  localization  studies  for  Vpr  danonstrated  that  a  significant  proportion  of 
the  protein  accumulated  in  the  nucleus.  The  nuclear  localization  signal  of  Vpr  was 
magped  to  a  basic  domain  in  the  C-terminus  of  the  molecule.  This  activity  of  Vpr 
was  critical  far  the  nuclear  inpart  of  newly  synthesized  viral  ENA  in  quiescent 
cells.  Studies  of  Vpx  shewed  that  it  was  associated  with  gag  p27  in  the  virus 
particle.  Furthermore,  Vpx  played  a  role  in  virus  infection  of  primary  lynphocytes 
at  low  nultiplicities  of  infection.  Studies  of  Nef  danonstrated  an  inhibition  of 
transcription  of  the  HIV-1  HER  and  H2  promoter  mediated  by  inhibition  of  NF-kB  and 
AP-1  binding.  However,  the  effects  of  Nef  could  be  bypassed  by  activating  T  cells 
through  the  TNF  receptor,  HI  receptor,  or  IPS  receptor.  Effects  of  Nef  could  also 
be  CMsrcone  by  the  addition  of  phospholipase  C,  suggesting  that  the  effects  of  Nef 
are  on  early  T  cell  activation  events.  Studies  of  Nef  irritants  danonstrated  a  role 
for  myristoylation  in  anchoring  the  protein  to  the  cytoskeletcn.  Nef  was  also  shewn 
to  mediate  downmodulation  of  oell  surface  expression  of  CD4  through  the  lek  binding 


domain  of  CD4. 
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Mechanisms  of  Cytotoxicity  of  the  AIDS  Vims  Contract  No.  DftMDl7-90-C-0l25 
P.I.:  Lee  Ratner,  M.D.,  Ph.D.  Basic 


(5)  INIKDDUCITCN  -  Derived  fran  the  cariginal  Ccntract  Proposal 
a)  Technical  Objectives 

1.  To  define  the  function  of  viral  protein  R  (VPR) 

a.  Express  HIV-1,  HIV-2,  and  SIV  vpr  genes  in  E.  coli 

b.  Develop  antibodies  to  reoctib inant  VPR  products 

c.  Determine  size(s)  of  VFR  products  in  acute  and  chronically  infected  lymphoid  and  rronocytoid 
cells  infected  with  HIV-1,  HIV-2,  ard  SIV 

d.  Determine  cellular  localization  of  VPR 

e.  Assess  oo-  and  post-translational  modifications  of  the  VPR  proteins 

f .  Isolate  cENAs  encoding  VPR 

g.  Determine  role  of  VPR  in  HIV-1,  HIV-2,  and  SIV  replication  in  a  variety  of  lynphoid  and 
monocytoid  cells 

h.  Determine  mechanism  of  action  of  VPR  in  enhancing  HIV-1  infectivity  and/or  replication  in  MT4 
lynphoid  cells 

i.  Determine  role  of  VPR  in  vivo  with  appropriate  model  systems 

j.  Determine  role  of  VPR  in  modulating  disease  in  HIV-1  infected  turans 

2.  To  determine  the  function  of  viral  protein  X  fVFXl 

a.  lb  assess  effects  of  VPX  on  replication  and  cytcpathicity  of  HIV-2  in  T  lynphoid  and  monocytoid 
cells 

b.  lb  determine  cellular  localization  of  VEX  in  HIV-2  infected  cells 

c.  lb  determine  if  there  are  oo-  or  post-tranalaticnal  modifications  of  VPX 

d.  lb  assess  whether  VPX  pcoviral  mutants  can  be  complemented  in  trans  by  a  VPX  expression  clone 

e.  lb  determine  stnKture-function-relationships  of  VPX 

f .  lb  assess  effects  of  VPX  an  replication  and  cytcpathicity  of  SIV  in  X  lynphoid  and  monocytoid 
cells 

g.  lb  assess  role  of  VPX  in  vivo  with  animal  model  systems 

3-  To  determine  function  and  mechanism  of  action  of  NEF 

a.  lb  determine  relative  effects  of  HIV-1  NEF  cn  viral  FNA  transcription,  degradation,  and 
nuclear-cytoplasmic  transport 

b.  lb  characterize  NEF  responsive  sequences 

c.  lb  characterize  mechanism  of  transcriptional  suppression  by  NEF 

d.  To  determine  role  of  phosphorylation,  GXP  binding,  GTPase  activity,  and  myristoylaticn  acceptor 
activity  in  NEF  activity 

e.  lb  determine  effects  of  NEF  on  cellular  proteins  including  those  which  may  modulate  HIV-1 
infectivity  or  replication 

f.  To  determine  role  of  NEF  in  HIV-2  and  SIV  replication 

g.  lb  determine  role  of  NEF  in  vivo  with  animal  model  systems 

h.  lb  determine  role  of  NEF  in  modulating  manifestations  of  HIV-1  infection  in  humans 

i.  lb  determine  therapeutic  role  of  a  retrovirus  expressing  NEF 
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b)  Hypotheses 

Regulatory  genes  of  HIV-1,  HIV-2,  and  S1V  are  important  in  modulating  1 
virus  infection  and  transmission  in  vivo .  Viral  proteins  R  (VPk)  and  X 
(VPX)  ond  the  negative  factor  (NEF)  are  three  of  the  least  veil  charac¬ 
terized  regulatory  proteins.  Identification  of  their  functions,  their 
mechanisms  of  actions,  and  structure-function  relationships  of  each  protein, 
in  vitro  and  iu  vivo  will  assist  in  our  understanding  of  the  pathogenesis  of 
HIV  induced  disease.  This  information  will  be  critical  in  defining  thera¬ 
peutic  approaches  to  suppressing  HIV-1  infection,  replication,  and  trans¬ 
mission. 

c)  Background 
i)  Basis 


HIV-1  and  HIV-2  cause  a  slowly  progressive  immunosuppressive  disorder 
in  humans.  One  species  of  simian  immunodeficiency  virus  (SIV)  derived  from 
rhesus  macaques,  SIV-MAC,  can  cause  a  similar  disorder  in  this  species  of 
monkeys  (Chakrabarti  et  al. ,  1987).  Related  lentiviruses  are  found  in  ocher 
species  of  monkeys  including  mandrills  (Tsujimoto  et  al. ,  1989),  sooty 

mangabeys  (Hirsch  et  al. ,  1989),  and  African  green  monkeys  (Fukasawa  et  al. , 
1988).  More  distantly  related  lentiviruses  causes  immunosuppression  in  cats 
(feline  immunodeficiency  virus)  (Pederson  et  al. ,  1987;  Luciw  et  al.,  1989), 
sheep  (visna  virus)  (Haas  et  al.,  1985),  goats  (caprine-arthritis  encepha¬ 
litis  virus)  (Narayan  &  Cork,  1985),  and  horses  (equine  infectious  anemia 
virus  (Issel  et  al. ,  1986). 

These  viruses  are  biologically  and  structurally  related.  They  differ 
from  avian  and  murine  retroviruses  in  Che  comp) ex  nature  of  their  genomes 
In  addition  to  genes  encoding  structural  and  enzymatic  virion 
proteins,  GAG,  10L,  and  ENV,  these  viruses  all  encode  a  number  of  regulatory 
proteins  (Haseltine  et  al. ,  1988).  Seven  regulatory  proteins  have  been 

identified  thus  far. 

TAT  is  a  positive  feedback  regulator  of  expression  of  virion  and 

regulatory  proteins,  working  primarily  at  the  level  of  transcriptional 
Initiation  or  elongation,  and  to  a  lesser  degree  at  a  post- transcriptional 
level . 

REV  is  a  differential  regulator  that  increases  expression  of  virion 
proteins  at  the  expense  of  regulatory  proteins  by  increasing  the  transport 
of  unspliced  and  singly  spliced  mRNAs  from  the  nucleus  to  the  cytoplasm  and 
by  increasing  their  stability.  In  addition,  a  fusion  protein  between  TAT 

and  REV  has  recently  been  described  (Felber  et  al.,  1989b);  its  function  is 

unknown . 

VIF  is  important  for  the  infectivity  of  the  virus  particle  by  a 

post-translational  mechanism  that  remains  to  be  defined.  VPU  is  important 
for  mature  virus  assembly  at  the  cell  surface.  VPR,  VPX,  and  NEF  are 
additional  regulatory  proteins  whose  functions  will  be  the  focus  of  this 
study,  and  will  be  discussed  below. 

Regulatory  proteins  are  likely  to  be  important  in  determining  the  level 
of  virus  replication  at  different  stages  of  disease,  in  determining  the 

types  of  interaction  with  the  immune  system,  and  in  modulating  virus 

infectivity  and  transmission.  A  better  understanding  of  their  structure, 

expression,  and  mechanism  of  action  will  undoubtedly  improve  our  under¬ 
standing  of  pathogenesis,  lead  to  the  development  of  new  diagnostic  assays, 
provide  new  insights  into  therapeutic  maneuvers  which  may  suppress  virus 
replication  and/or  cy topathicity ,  and  assist  in  the  development  of  a  vaccine 
for  HTV  prevention. 
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Viral  Protein  R  (VPR) 

The  vpr  gene  is  found  In  Che  genomes  of  HIV-1,  HIV-2,  simian  immuno¬ 
deficiency  virus  (SIV)  of  rhesus  macaques  (SIV-MAC),  SIV  of  sooty  mangabey^ 
(SIV-SM)  ,  but  not  SIV  of  African  green  monkeys  (SIV-AGM)  ,  or  SIV  of  man¬ 
drills  (SIV-MN)  (Wong-Staal  et  al.,  1987;  Guyader  et  al,  1987; 

Chakrabarti  et  al.  ,  1987;  Fukasawa  et  al,  1987;  Tsujimoto  et  al.  ,  1989; 
Hirsch  et  al.,  1989).  An  open  reading  frame  is  also  found  in  a  similar 
position  in  the  visna  virus  genome  (Sonigo  et  al.,  1985).  The  conservation 
of  the  predicted  VPR  proteins  among  these  different  lentiviruses  is  almost 
as  great  as  that  of  GAG  and  POL  proteins 

The  HIV-1  VPR  protein  is  78  amino  acids  long  in  several  strains, 
and  96  amino  acids  long  in  the  remaining  strains  (Meyers  et  al,  1989). 
Functional  proviral  clones  of  HIV-1  have  been  identified  with  either 
form  of  the  vpr  gene  (Dedera  et  al.  ,  1989,  Adachi  et  al.  , 

1989).  Among  the  first  70  amino  acids,  502  conservation  of  amino  acid 
sequences  are  noted  (Meyers  et  al,  1989).  The  HIV-2  VPR  protein  is 

105  amino  acids  in  length,  whereas  that  of  SIV-MAC  is  97  amino  acids  long 
(Guyader  et  al.,  1987;  Chakrabarti  et  al.,  1987). 

The  VPR  proteins  of  HIV-1,  HIV-2,  and  SIV-MAC  are  expressed  in  vivo  as 
evidenced  by  the  presence  of  antibodies  reactive  with  recombinant  VPR 
products  in  33-672  of  infected  humans  or  rhesus  macaques  (Wong-Staal  et  al.  , 
1987;  Lange  et  al.,  1989;  Yu  et  al,  1989).  A  single  antibody  to  the  96 
amino  acid  form  of  the  HIV-1  VPR  product  has  been  developed  and  claimed  to 
detect  a  13  kd  VPR  protein  in  cells  acutely  infected  with  HIV-1  (Lange  et 
al.,  1989).  The  poor  quality  of  the  radioimmunoprecipitation  analyses  using 
this  antibody  suggest  that  the  specificity  and  avidity  of  this  antibody  are 
poor.  An  antibody  to  the  SIV-MAC  VPR  product  has  also  recently  been 
developed  (Yu  et  al.,  1989),  but  results  with  this  antiserum  have  not  yet 
been  reported.  No  antibody  to  the  HIV-2  VPR  product  has  yet  been  developed.  .. 

Work  from  our  laboratory  has  demonstrated  that  the  HIV-1  and  HIV-2 
VPR  products  are  dispensable  for  virus  infectivity,  replication,  and 
cytopathicity  (Dedera  et  al.  ,  1989  .).  Proviral  clones  have 

been  constructed  expressing  a  2  (R2),  22  (R22) ,  31  (R31) ,  40  (R40) ,  78 
(R78  or  X),  or  96  (R96)  amino  acid  form  of  the  VPR  product.  No  differences 
in  the  above  noted  parameters  were  detected  in  H9,  MOLT  3,  CEM,  U937,  or  SUP 
T1  cell  lines,  or  peripheral  blood  lymphocytes.  HIV-2  proviral  clones  have 
been  constructed  which  express  either  a  105  (MR105  or  SE)  or  6  amino  acid 
(MR7)  form  of  VPR.  No  alterations  in  infectivity,  replication,  or  cyto¬ 
pathicity  were  noted  with  viruses  derived  from  these  clones  in  H9,  MOLT  3, 
CEM,  SUP  Tl,  Jurkat,  or  U937  cell  lines,  or  primary  human  lymphocytes  or 
monocytes . 

However.  recent  data  suggests  a  cell -type  dependent  effect  of  vpr 
expression  or  action.  In  MT4  cells,  the  kinetics  or  replication  of  virus 
derived  from  R2  were  significantly  different  from  that  of  R78,  with  retarded 
and  diminished  virus  yield  from  the  vpr  mutant  . .  This  finding  has 

now  been  obtained  in  6  replicate  experiments  with  3  different  preparations 
of  R2  and  R78.  Cytopathicity  was  comparably ‘depressed.  The  novel  feature 
of  this  cell  line  which  may  account  for  this  effect  is  unknown;  there  may  be 
a  relationship  to  human  T- lyraphotropic  virus  type  1  (HTLV-I)  expression  in 
MT4  cells. 

In  addition,  we  have  noted  subtle  morphological  differences  of  virus 
derived  from  vpr  mutant  infected  cell  lines  compared  to  those  infected  with 
the  parental  virus  .  R2  virus  particles  appeared  to  be  less 

homogenous  and  more  immature  than  those  derived  from  R78.  This  may  suggest 
an  effect  of  VPR  in  virus  assembly  or  maturation.  Possible  alterations  in 
the  structure  of  the  virus  particle  could  account  for  possible  changes  in 
infectivity  of  the  virus. 
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Viral  Protein  X  (VPX) 


The  vpx  gene  is  found  in  HIV-2,  SIV-MAC,  SIV-AGM.  SIV-SM,  but  not 
HIV-1  or  SIV-MN  (Guyader  et  al.t  1987;  Chakrabarti  et  al ,  1987;  Fukasawa 
et  al,  1988;  Hirsch  et  al.,  1989;  Ratner  et  al.,  1985a;  Tsuj iraoto  et  al , 
1989).  It  is  an  immunogenic  protein  expressed  fn  vivo ,  to  which  85Z  of 
HIV-2  infected  humans  and  20X  of  SIV-MAC  infected  rhesus  macaques  generate 
antibodies  (Kappes  et  al. ,  1988;  Yu  et  al.,  1988). 

The  VPX  product  is  a  112  amino  acid  proline-rich  protein  which  Is  found 
in  the  virion  in  equimolar  ratio  to  the  GAG  caosid  (CA;  p24)  antigen 
(Henderson  et  al.,  1988).  It  has  also  been  found  tt»  .  be  a  nucleic  acid 
binding  protein,  though  specificity  for  this  property  remains  to  be  investi¬ 
gated. 

Four  groups  of  investigators,  including  our  own  group,  have  now 
reported  on  findings  of  SIV  or  HIV-2  viruses  with  alterations  in  vpx 
(Yu  et  al.,  1988;  Guyader  et  al,  1989;  Hu  et  al.,  1989 

Kappes  et  al ,  1989).  All  groups  agree  that  VPX  is  dispensable  for  virus 
infectivity,  replication,  and  cytopathicity .  For  example,  we  have  found  no 
effect  of  VPX  on  replication  of  HIV-2  in  CEM,  H9 ,  U937,  SUP  Tl,  and  Jurkat 
cell  lines.  These  studies  were  carried  out  with  HIV-1  proviral  clones 
capable  of  coding  for  the  full-length  VPX  protein,  or  a  clone  with  a  serine 
substitution  for  the  initiator  methionine  (MX1),  a  clone,  with  a  termination 
codon  at  position  22  (MX22)  ,  and  a  clone  with  the  same  mutation  present  in 
MX1  as  well  as  a  frameshift  mutation  at  position  62  and  another  termination 
codon  at  position  70  (MX1+62) . 

However,  divergent  results  were  obtained  in  studies  of  vpx  mutant 
replication  on  primary  T  lymphocytes.  Whereas  Guyader  reported  a  10- fold 
decrease  in  HIV-2  replication  in  the  absence  of  VPX  on  T  lymphocytes,  our 
own  studies  have  repeatedly  failed  to  detect  an  alteration  in  infectivity, 
replication,  or  cytopathicity  of  HIV- 2  viruses  in  primary  human  lymphocytes 
with  or  without  vpx  (Guyader  et  al. ,  1989;  Hu  et  al.,  1989  ).  A 
more  comprehensive  examination  of  kinetics  of  HIV-2  and  SIV  replication  in 
primary  human  and  macaque  lymphocytes  and  in  primary  monocytes  is  clearly 
indicated  to  resolve  these  potentially  important  discrepancies. 

Our  group  has  recently  detected  a  particularly  intriguing  property 
of  VPX  to  direct  HIV-2  budding  to  particular  sites  in  the  cell.  In  the 
presence  of  VPX,  HIV-2  was  found  in  H9  cells  to  bud  intracellularly  and 
at  the  plasma  membrane  .  The  morpho  ogy  of  the  virus  particles  was 
generally  mature  and  rather  homogeneous.  In  the  absence  of  VPX,  HIV- 2  buds 
exclusively  at  the  plasma  membrane.  The  virus  particles  were  generally  less 
mature  and  less  homogeneous. 

Negative  factor  (NEF) 

The  nef  gene,  unlike  the  vpr  and  vpx  genes,  is  poorly  conserved  between 
different  strains  of  HIV-1  and  other  lentiviruses  (Ratner  et  al.,  1985 

Meyers  et  al .  ,  1989).  A  similar  open  reading  frame,  however, 
has  been  described  also  in  HIV-2,  SIV-MAC,  SIV-AGM,  SIV-MN,  and  SIV-SM 
(Guyader  et  al.,  1987;  Chakrabarti  et  al.,  1987;  Fukasawa  et  al.,  1987; 
Tsujimoto  et  al .  ,  1989;  Hirsch  et  al.,  1989). 

The  NEF  protein  is  immunogenic  in  vivo  in  infected  humans.  Both 
humoral  and  cell-mediated  immune  responses  have  been  detected  to  this 
protein  (Allan  et  al . ,  1985;  Arya  et  al.,  1986;  Franchini  et  al.,  1986  and 
1987).  Perhaps  the  most  intriguing  finding  is  the  identification  by  several 
different  investigators  of  antibodies  reactive  with  NEF  early  after  infec¬ 
tion  and  frequently  prior  to  the  detection  of  other  anti-HIV-1  antibodies 
(Ameisen  et:  al.,  1989a  and  b;  Sabatier,  et  al.,  1989,  Reiss,  et  al  .  ,  1989,; 
Rondo  et  al.,  1989;  Chengsong- Popov  et  al.,  1989;  I-aure  et  al.,  1989).  This 
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suggests  that  NEF  may  he  the  first;  viral  protein  to  he  expressed  in  vivo. 
Recent  data  from  tissue  culture  experiments  confirm  that  NEF  mRNA  is 
expressed  after  infection  earlier  than  mRNAs  for  other  regulatory  and 
structural  proteins  (Klotman  et  al..  1989). 

Five  laboratories,  including  our  own,  have  now  reported  that  NEF  is  a 
negative  regulator  of  virus  replication  (Luciw  et  al.,  1986;  Terwilliger  et 
al . ,  1986;  Ahmad  &  Venketassen  et  al.,  1988;  Niederman  ct  al.,  1989  6 

Levy  et  al.,  1989).  However,  one  laboratory  has  failed  to 

detect  an  effect  of  NEF  (Kim  &  Baltimore,  1989).  Differences  in  sequence  of 

the  NEF  product  expressed  or  other  technical  difficulties  may  explain  the 
discrepancy.  Differences  in  NEF  expression,  NEF  action,  or  NEF  respon¬ 

siveness  have  been  demonstrated  for  different  HIV-1  clones  (Levy  et  al., 
1989)  .  Kira  &  Baltimore  have  not  yet  carried  out  similar  experiments  with 

proviral  clones  obtained  from  any  of  the  five  laboratories  which  have 
described  down- regulatory  effects  of  NEF. 

In  studies  of  SIV-MAC  clones,  all  of  those  which  are  capable  of  giving 

rise  to  virus  in  macaque  lymphocytes  have  a  defect  in  nef,  whereas  the 

single  clone  whic'.  is  not  functional  has  an  intact  nef  gene  (Desrosiers, 
personnal  commun1' c  ition) . 

Our  own  laboratory  has  recent' y  localized  the  effect  of  NEF  to  an 
effect  on  viral  RNA  levels  (Niederman  et  al . ,  1989  ).  This 

effect  is  at  least  partially  due  to  an  effect  on  viral  transcription  as 
determined  by  nuclear  run-off  experiments.  Effects  on  RNA  transport  or 
degradation  have  not  bean  excluded.  Confirmation  of  these  results  was 
reported  by  Ahmad  &  Venketessan  (1988). 

The  NEF  protein  has  also  been  reported  to  down- regulate  human  CD4 
expression  (Guy  et  al. ,  1987).  However,  this  study  was  carried  out  with 

vaccinia  expressed  NEF,  and  only  a  single  control  experiment  was  done 
examining  another  lymphocyte  surface  antigen,  4B4,  which  was  onlv  minimally 
down- regulated.  However,  differences  in  stability  of  different  antigens  on 
the  surface  of  lymphocytes  could  be  reflected  in  vaccinia  infected  cells, 
and  the  effect  may  not  be  specific  to  NEF.  Further  studies  of  the  effects 
of  NEF  on  cellular  protein  expression  and  growth  are  warranted. 

Nef  is  expressed  as  two  proteins  from  the  same  mRNA  due  to  utilization 
of  different  AUG  codons  (Ahmad  &  Venketessan,  1988)  .  When  the  first  AUG 
codon  is  recognized  a  206  amino  acid,  N-myr istoylated  27  kd  protein  is  ex¬ 
pressed.  This  protein  may  be  phosphorylated  at  the  threonine  at  position  15 
by  protein  kinase  C  (Guy  et  al. ,  1988).  A  second  NEF  product  is  expressed 
from  utilization  of  the  second  AUG  codon  to  produce  a  187  amino  acid,  25  kd 
protein  (Ahmad  &  Venketessan,  1988).  Both  proteins  can  bind  and  cleave  GTP, 
and  can  autophosphorylate  at  a  carboxyl  terminal  serine  residue  in  the 
presence  of  GTP  (Guy  et  al.,  1988).  Sequence  similarities  between  amino 
acids  95  and  111  of  NEF  and  other  nucleotide  binding  proteins  are  readily 
apparent  (Samuel  et  al .  ,  1987;  Guy  et  al .  ,  1988).  The  possible  relation¬ 

ships  of  these  interesting  biochemical  activities  with  NEF  activity  remain 
to  be  investigated. 
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(6)  BODY 

1)  To  define  the  function  of  viral  protein  R  (VFTO 

a)  Express  HIV-1.  HIV-2,  and  SIV  vpr  genes  in  E.  ooli 

In  the  original  application,  wa  had  proposed  to  express  each  form  of  vpr  in  E. 
ooli,  in  carder  to  obtain  proteins  that  oould  be  used  for  inminization  of  rabbits  for 
antibody  development.  We  have  essentially  bypassed  this  undertaking,  by  obtaining 
a  purified  synthetic  HIV-1  Vpr  protein  from  Dr.  Gras-Maase.  Hirthermore,  the 
current  availability  of  antisera  to  the  HIV-2  and  SIV  mac  Vpr  proteins  (kindly 
provided  by  Dr.  T.H.  Lee,  Harvard)  also  precluded  the  requirement  for  the  expression 
of  these  proteins  in  E.  ooli  far  this  purpose. 

b)  Develop  antibodies  to  reocmbinant  Vpr  products 

We  have  inoculated  a  single  rabbit  with  the  synthetic  HIV-1  Vpr  protein  have 
now  obtained  over  100  ml  of  antiserum.  This  antiserum  shows  better  reactivity  with 
either  [3H] -leucine  labeled  HIV-1  Vpr  protein  expressed  in  reticulocyte  lysates  cr 
in  transfected  BSC40  cells  than  those  provided  by  Dr.  T.H.  Lee,  AIDS  Repository, 
or  Dr.  George  Shaw,  and  was  utilized  in  all  studies  described  below.  We  have 
provided  30  ml  of  our  antiserum  to  the  AIDS  Reagent  Repository. 

c)  Determine  the  size  ( s')  of  Vpr  products  in  acute  and  chronically  infected  lynphoid 
and  monocvtoid  cells  infected  with  HIV-1.  HIV-2,  and  SIV 

We  have  used  the  anti-vpr  antibody  to  analyze  3H-leucine  labeled  proteins  from 
reticulocyte  lysates,  HIV-l  infected  primary  lynphocytes,  and  vaccinia  virus 
expressed  vpr  and  have  found  no  significant  differences  in  sizes  of  the  single  16 
kDa  product.  No  evidence  far  a  precursor  of  a  different  size  has  been  detected  cr 
far  <x>iimunoprecipitation  of  other  labeled  proteins. 

d)  Determine  the  cellular  localization  of  Vpr 

We  first  examined  the  cellular  localization  of  Vpr  in  HTV-1  infected  primary 
lynphocytes.  Cell  fractionation  studies  demonstrated  that  about  50%  of  Vpr  was 
present  in  the  nucleus,  15%  in  the  montarane  fraction,  and  the  ranaining  35%  was 
released  from  infected  cells  in  virions  (Fig  1) . 

Expression  of  Vpr  in  the  absence  of  other  HTV-1  proteins,  using  a  SRalpha 
expression  plasmid,  demonstrated  that  the  majority  of  Vpr  was  localized  in  the 
nucleus  (Fig  2) . 

In  BSC40  cells  infected  with  VTF7-3  (vaccinia  virus  expressing  T7  FNA 
polymerase)  and  transfected  with  pTEM3  (vpr) ,  we  have  found  that  the  majority  of  vpr 
was  localized  with  the  nuclear  fraction  (Fig  3) .  Co-expression  of  gag  did  not 
significantly  effect  the  localization  of  vpr.  In  contrast,  gag  p24  was  found 
primarily  in  the  cytosol,  and  to  a  lower  extent  in  the  membrane  and  cell-free 
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supernatant  under  these  labeling  conditions. 

We  confirmed  the  results  from  the  cell  fracticnaticn  experiments  by 
inmunoflucanescenoe  studies  (Fig  4) .  These  data  dencnstrated  that  the  majority  of 
Vpr  was  in  the  nucleus.  However,  Vpr  was  also  detected  in  a  perinuclear 
localization,  that  was  resistant  to  fcrefeldin  treatment.  This  suggests  that  the 
latter  location  was  probably  not  the  Golgi  apparatus. 


Al 
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M(i.  2.  Locali/ation  in  COS-7  cells  of  Vpr  expressed  from  pSK 
(A)  Vpr  sense  (pSK  VPKs)  and  antisense  (pSK-VPRa)  expression 
plasmids,  which  include  a  transcriptional  enhancer  (SV4U-ori).  a 
transcriptional  promoter  (MT  LV-I  long  terminal  repeat  |R'l'5|),  and 
a  polyarfenylalion  insertion  sequence  (polyA-inM  (B)  Sulvellular 
fractionation  of  Vpr  expressed  in  transfected  and  ( 'H)leucinc-la!>cled 
('OS-7  cells  from  pSV-VPRs  (S)  and  pSR-VPRa  (A)  in  postnudeai 
wash  (PNW).  nucleoplasm  (NU('LPL).  chromatin  (('HR),  nuclear 
man i\  (MAI),  cytosol  (CYT).  memhumc  wash  (MW),  and  mem 
hrunes  (MI:M).  I  Equivalent  amounts  of  each  fraction  were  imnuino- 
precipitated  with  the  anti-Vpr  antiserum  and  analyzed  In  SOS-I’ACI 
The  electrophoretic  position  of  Vpr  is  shown  by  an  arrow  at  the  right 

Fig  1  Fig  2 

We  have  also  analyzed  the  oellular  localization  of  mutant  Vpr  proteins  using 
this  vaccinia  virus  expression  system.  The  distribution  of  the  SRIG  mutant,  with 
a  deletion  of  amino  acid  residues  79-82,  closely  mirror  that  seen  with  the  parental 
farm  of  Vpr,  with  primarily  nuclear  localization.  In  contrast,  the  CRST  mutant, 
truncated  after  amino  acid  residue  77,  was  approximately  equally  distributed  between 
nuclear,  cytosol,  and  membrane  fractions  (Fig  3) .  This  suggested  that  sequences 
between  amino  acids  residues  78  and  96  may  contribute  to  the  localization  with  the 
nuclear  fraction.  We  confirmed  that  these  C-terminal  sequences  contain  a  nuclear 
localization  sequence,  based  on  the  finding  that  a  beta-galactos idase  fusion  protein 
to  which  amino  acid  residues  77-96  were  added  at  the  C-terminus  resulted  in 
translocation  to  the  nucleus. 
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To  assess  the  purity  of  each  of  these  fractions,  similar  experiments  were 
performed  with  marker  proteins,  far  nuclear,  membrane,  Golgi,  endoplasmic  reticulum, 
and  cytosolic  proteins. 

A) 

Vpr  carboxyl  terminal  sequence 

i  ** 

WT  _ . _ ItiC'kHSRKiV  I  KQKKAKNCiASKS 

vt 

CRST  1 _ KK'RST 


pTM-UPR 


ptM-CRSI 


^  ^  ^  \  \  v  S  ^  ^  C  "v  C  \  t  ** 


PNW  NlCLPt  f'HR  MAT  CYT  MV  M 


Sl!H(  Ft.I  1  I  AR  FRACTIONS 

IK  i.  3.  Suhco  llular  distribution  of  vaccinia  virus-expressed  paicnlal  \  pi  ami  carboxyl-terminal  truncation  mutant  (RSI  m  HSC4II  cells  (A  I 
Sclicmalic  drawing  of  the  Vpr  protein,  indicating  the  carboxyl-terminal  aicinmc-iich  sequence  or  the  wild  txpe  |WI  )  and  ol  the  truncation  mutant, 
f  RS  T.  (B)  Vpr  expressed  from  pi  M3  in  vTI;7-3-infeeled  cells.  (  ells  weic  labeled  with  |  'i  l|leueiiic  and  fractionated  into  postnueleui  wash  (I’N’W). 
mielcoplasnt  ( NUU.I’I,).  chromatin  (CUR),  nuclear  matrix  (MAT I-  cytosol  (CYI  ).  membrane  wash  (MW  membranes  (Ml-M).  and  eellulai 
siipernatam  (SUP).  Moleeul.r  mass  marker  ,  are  shown  at  the  lell  in  kilod.dlons  «  )  I’roporlion  of  VPR  in  each  suheellular  Iraetion  as  determined 
In  laser  densitometry  from  pTM-VTR  (solid  liars)-  or  pTM-ORNT  (hatched  bars)-transfecled  cells. 


Fig  3 
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We  have  also  performed  iirtmnogold  localization  studies  with  Vpr  expressed  in 
primary  lymphocytes.  First,  we  examined  several  vpr+  HIV-1  strains,  and  found  in 
each  case  both  intraoellular  (in  vacuoles  that  resembled  Golgi  remnants)  and 
extracellular  virus  particles  (Fig  5) .  The  average  number  of  gold  particles  per 
virion  was  determined  to  be  1.15-1.79.  Per  extracellular  virions,  the  average 
number  of  gold  particles  per  virion  was  1.34-1.77,  whereas  far  intracellular 
virions,  the  average  number  of  gold  particles  per  virion  was  0.75-0.99.  No 
significant  effects  on  vpr  packaging  in  the  virus  particle  were  found  in  the 
presence  couponed  to  the  absence  of  oo-expressicn  of  Vpu.  The  finding  of  decreased 
levels  of  Vpr  per  virion  far  intracellular  versus  extracellular  virions  was  a 
consistent  and  interesting  finding. 


B) 


phase 


anti-VPR 


/ 


anti-Histones 


FIG.  4  Immunofluorescence  localization  of  Vpr  in  BSC40  cells.  (A)  pTM-VPR  (left)-  or  pTM  ( right  )-transfectod  vTF7-3  infected  cells  weic 
incubated  with  the  anti-Vpr  antiserum  and  an  FITC-conjugated  goat  anti-rabbit  immunoglobulin.  Magnification,  x  1X8.  (B)  Higher  magnification 
(X752)  by  phase-contrast  microscopy  (left)  and  fluorescence  microscopy  (middle  and  right)  of  a  representative  cell  incubated  with  anti-Vpr 
antiserum  and  FITC-conjugated  goat  anti-rabbit  immunoglobulin  (middle:  tiller  with  excitation  range  of  450  to  400  nnt  and  emission  range  ol  .''20 
to  500  nm)  and  antihistone  antiserum  and  rhodamine-conjugated  goat  anti-mouse  immunoglobulin  (right;  filter  with  excitation  range  ol  510  to  5(>o 
nm  and  emission  range  of  >590  nm).  Diffuse  nuclear  (thin  arrow)  and  local  perinuclear  staining  (thick  arrow)  are  indicated  in  the  middle  panel 


Fig  4 

In  many  cases  the  localization  of  Vpr  in  the  virus  particle  appeared  in  a 
circular  array,  that  resembled  envelope  localization  (Fig  6,7).  No  such 
localization  was  seen  with  anti-vpx  or  anti -gag  antisera.  Experiments  were 
performed  with  anti-gpl20  antisera  colabeling  to  demonstrate  that  vpr  was  situated 
beneath  the  viral  envelope  (Fig  7) .  In  addition,  we  have  constructed  mutant 
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proviruses  with  frameshift  deleticns  in  vpr  to  examine  whether  vpr  can  still  be 
packaged  into  the  viricrs.  Lynphocytes  infected  with  a  virus  with  a  deletion  of 
residues  79-82  of  vpr  showed  preferential  incarparaticn  of  vpr  into  intracellular 
ocrrpared  to  extracellular  particles  (Fig  8,  9) .  Lyirphocytes  infected  with  a  virus 
with  a  deletion  of  residues  77-96  demonstrated  less  than  10%  of  vpr  incorporation 
into  virions.  This  result  is  not  due  to  alteration  in  recognition  by  the  antibody, 
since  each  of  the  mutant  farms  of  Vpr  has  been  expressed  in  reticulocyte  lysates  and 
vaccinia  virus  infected  BSC40  cells  and  is  detectable  with  the  antiserum  (Fig  10) . 

e)  Assess  oo-  and  post-translational  modifications  of  the  Vpr  protein 

Experiments  to  examine  whether  HIV-1  or  HTV-2  Vpr  proteins  are  phosphorylated, 
Oglyoosy lated ,  sulfated,  or  palmitoylated  were  performed  and  showed  no  such 
modifications . 

f)  Isolate  cONAs  encoding  Vtar 

The  experiments  on  isolation  of  Vpr  cCNAs  in  FEMDs  from  HIV-1  infected  patients 
were  carried  out  by  FT  PCR.  We  found  the  same  mRNAs  previously  described  by 
Schwartz  et  al  (1991) ,  and  no  fusion  proteins  of  Vpr  to  other  open  reading  frames 
were  noted. 

g)  Determine  role  of  Vtar  in  HIV-1.  HTV-2,  and  SIV  replication  in  a  variety  of 
lvnthoid  and  mcnocytoid  cells 

We  demonstrated  that  a  discrete  env  determinant,  including  the  V3  loop,  but  not 
the  034 -binding  domain,  is  necessary  and  sufficient  far  HIV-1  infection  of 
monocytes.  Additionally,  we  have  identified  three  virus  replication  phenotypes  in 
monocytes  in  vitro  using  molecular  defined  proviral  clones.  These  include 
productive  infection,  with  the  generation  of  high  virus  replication  levels;  silent 
infection,  with  low  to  undetectable  virus  replication  in  monocytes,  despite  ultimate 
virus  recovery  from  infected  monocytes  following  cocultivation  with  uninfected, 
phytohenagglutinin  stimulated  peripheral  blood  mononuclears  (PEMCs  [lynphoblasts] )  ; 
and  no  infection,  with  neither  virus  replication  in  nor  virus  recovery  from 
monocytes  observed.  We  demonstrated  that  vpr  and  vpu  are  central  to  the  regulation 
of  virus  replication  in  primary  monocytes  and  together  mediate  the  expression  of 
silent  versus  productive  infection  (Fig  10) . 

To  study  viral  regulation  of  monocyte  infection,  we  utilized  a  panel  of 
chimeric  HIV-1  clones,  constructed  from  the  narmonocyte-trcpic  clone  HXB2,  and  the 
monocytetrcpic  clone  ADA,  as  previously  described.  To  correct  a  vpr  defect  in  each 
of  these  clones,  the  result  of  a  single  base  insertion  in  HXB2,  2.7  kb  Sal  I-Bair.  HI 
HXADA  DMA  fragments  (nucleotides  5785-8474)  were  subcloned  into  the  full-length 
proviral  clone  NL4-3,  in  which  the  vpr  open  reading  frame  is  intact.  The  resultant 
NLHXAQA  clones  contained  the  ADA-derived  env  determinant  previously  localized  to 
nucleotides  7040-7323,  flanked  by  other  protiens  of  env  and  vpu  and  small  portions 
of  tat  and  rev.  A  clone  in  which  the  entire  5785-8474  sequence  was  HXB2  derived 
(thus  lacking  a  monocyte- tropic  env  determinant)  was  used  as  a  negative  control  for 
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these  expeinnents.  Because  HXB2  lades  a  vpu  initiator  methicrc_re  oocjon,  clones  in 
which  vpu  was  HXB2  derived  were  defective  far  that  product,  in  contrast  to  clcnes 
with  an  ADA-enooded  vpu.  Finally,  a  vpr  nutant  ocirrespcndir^  to  each  NLHXADA  clone 
was  generated  '  ’  ‘  ‘  ‘ ' 


'  mcaoihigold  localization  of  Vpr  in  virus  particles,  (a)  Vpr-specific  gold  particles  were  seen  in  the  wild-type  HIV-1  vinons  in 
jX  ouiscsduiar  region  (arrow  1)  and  in  a  cytoplasmic  vacuole  (arrow  2).  Labelling  was  also  found  at  a  portion  of  the  vacuolar 
^onv**-*  showed  higher  density,  consistent  with  ihai  of  -  budding  virus  particle  (arrow  3).  The  bar  represents  500  nm.  (£)  Vpr- 
vox  aoelled  particles  (15  nm  diameter;  arrowhead)  were  found  i;  a  ^rge  vacuole  of  an  infected  PBMC.  N,  nucleus.  The  bar 
'  ''V  im.  (r)  An  enlarged  area  of  the  vacuole  (boxed)  in  ( b )  is  shown  (rotated  90°)  with  Vpr-spccific  cold  particles  (15  nm 


Mechanises  of  Cytotoxicity  of  the  AIDS  Virus 
P.I.s  Lee  Ratner,  M.D.,  Ph.D. 


Contract  No.  EAMD17-90-C-0125 

Basic 


Electro q  microscope  view 

’*‘©0  op  a 
0  o 

(a)  (b)  (c)  ( d )  (e)  (/) 

Fig.  3.  Schematic  representation  of  possible  locations  of  Vpr-spedfic 
gold  particles  in  HIV- 1  virions  embedded  in  thin  resin  sections.  HIV- 
1  virions  associated  with  infected  cells  were  embedded  in  resin  and  cut 
into  sections  of  100  nm  in  thickness  for  post-embedding  immuno- 
staining  and  electron  microscopic  observations.  Virions  located  at 
the  upper  (a)  or  lower  portion  of  the  section  (/)  would  have  been  cut 
tangentially  and  the  exposed  Vpr  antigen  could  be  labelled  with  the 
antibody  if  Vpr  war  situated  near  or  beneath  the  viral  envelope.  These 
virions  would  be  predicted  to  appear  smaller  under  the  electron 
microscope  and  the  gold  particles  would  form  a  cluster.  Virions  cut 
through  the  centre  would  be  predicted  to  appear  larger  and  gold 
particles  would  form  a  ring-shaped  pattern  with  (6)  or  without  a  core 
(d  and  e).  The  diameter  of  these  virions  would  appear  to  be  similar  to 
that  of  typical  virions.  Virions  embedded  within  the  resin  would  not  be 
accessible  to  H,0,  etching  and  their  associated  antigens  would  not  be 
exposed.  A  typical  virion  diameter  is  approximately  100  nm. 


Fig  6. 

Virions  from  the  recombinant  clones,  generated  by  transfection,  were  assayed 
for  their  ability  to  infect  and  replicate  in  primary  monocytes  by  the  presence  of 
reverse  transcriptase  (FT)  activity  in  culture  supernatants  and  by  the  ultimate 
recovery  of  virus  following  aocultivaticn  of  monocytes  with  uninfected  FEMCs.  The 
results  are  summarized  in  Fig.  10.  All  clones  containing  the  ADA-derived  env 
determinants  with  an  intact  vpr  gene  generated  high  virus  replication  levels  in 
monocytes.  Inactivation  of  vpr  in  these  clones,  however,  generated  divergent 
results,  depending  upon  the  derivation  of  nucleotide  sequences  5999-6345  (SK 
fragment) .  Clones  in  which  this  portion  of  the  gencme  was  ADA  derived  generated 
lower  (but  readily  detectable)  virus  replication  levels  than  did  their  wild-type  vpr 
counterparts.  However,  vpr  mutants  in  which  the  SK  fragment  was  HXB2  derived 
typically  failed  to  generate  virus  replication  levels  detectable  above  background 
in  monocytes,  despite  subsequent  virus  recovery  from  these  cultures  onto  uninfected 
FEMCs.  The  negative  control  clone,  which  carried  a  wild-type  vpr  but  lacked  the 
monocyte-tropic  env  determinant  generated  virions  which  neither  replicated  in  nor 
were  recovered  from  mcnocytes,  as  previously  demonstrated.  No  significant 
differences  were  seen  in  the  replication  of  each  virus  strain  on  PEMCS  obtained  from 
several  different  donors. 
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Fig.  4.  Vpr  localization  on  budding  virus  particles,  (a)  Condensed  plasma  membrane  structures  are  immunolabclled  with  Vpr-specific 
gold  particles  (arrowheads).  The  bar  represents  200  nm.  (ft)  Virus  budding  from  a  condensed  area  of  the  cell  membrane  was  labelled 
with  Vpr-specific  gold  particles  (arrowheads).  A  single  extracellular  immature  virion  labelled  weakly  with  these  particles  (15  nm),  but 
better  labelling  with  Gag  p24-spectfic  gold  panicles  (5  nm)  was  observed.  The  bar  represents  100  nm.  (c)  Other  immature  virions 
immunolabclled  with  Vpr-specific  gold  panicles  (arrowhead).  The  bar  represents  100  nm.  (d)  Additional  immature  virions  labelled  with 
FlCJ  7.  Vpr-specific  gold  panicles  (15  nm,  arrow  1)  under  the  virus  envelope  as  well  as  Gag  p24-specific  gold  panicles  (5  nm,  arrow  2).  (e)  An 
immature  virion  near  the  cell  surface  was  identified  that  labelled  with  Vpr-specific  gold  panicles  under  the  viral  envelope  (15  nm, 
arrowhead),  whereas  Gag  p24-specific  gold  panicles  (5  nm)  were  seen  in  the  central  area  of  the  virion.  The  bar  represents  200  nm.  (/) 
A  ring-shaped  distribution  of  Vpr-specific  gold  panicles  (15  nm)  was  evident  on  an  extracellular  virus  panicle,  with  Gag  p24-spectfic 
gold  particles  (5  nm)  localized  in  the  central  core  of  the  virion. 
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Fig.  5.  Immunolabellingof  wild-type  and  mutant  forms  of  Vpr  on  HIV- 
1  virions,  (a)  Vpr-specific  gold  particles  labelled  extracellular  wild-type 
virions  (15  nm,  arrow  1).  Gag  p24-specific  gold  particles  (5  nm,  arrow 
2)  were  also  observed  in  virions.  An  average  of  1-5  Vpr-specific  gold 
particles  per  virion  was  found.  The  bar  represents  200  nm.  (6)  Vpr 
pjg  mutant  SRIG  virions  also  labelled  with  Vpr-specific  gold  particles 

(15  nm,  arrow  1).  Gag  p24-specific  gold  panicles  (5  nm,  arrow  2)  and 
Env  gp  120-specific  gold  particles  (10  nm,  arrow  3)  were  also  identified. 
An  average  of  11  Vpr-specific  gold  particles  per  virion  was  measured. 
The  bar  represents  200  nm.  (c)  Vpr  mutant  CRST  virions  showed  very 
little  Vpr-specific  labelling  (arrow  I),  whereas  Gag  p24-specific  gold 
9  particles  were  still  observed  (5  nm,  arrow  2).  An  average  of  0  1  Vpr- 

specific  gold  particles  per  virion  was  counted.  The  bar  represents 
200  nm. 
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Fig.  6.  Wild-type  and  mutant  Vpr  expression  in  virions  as  a  percentage 
of  the  total  expression  in  the  wild-type  in  HIV-l-infected  PBMCs 
infected  for  7  days.  Extracellular  (□)  and  intracellular  (□)  Vpr 
expression  are  shown,  together  with  the  average  number  of  V' pr-specific 
gold  particles  (on  both  extraceflulai  and  intracellular  virions)  as  a 
percentage  of  the  wild-type  (■). 


Monocytes  ware  infected  with  recanbinant  HIV-l  clcnes  containing  a  functional 
vpr  gene,  stained  with  toluidine  blue,  and  examined  by  light  microscopy  (1  um  thick 
plastic  sections) .  cultured  infected  with  a  ncnmocytetrcpic  virus,  NLHXADA-SK  which 
contains  a  functional  vpu  gene,  were  indistinguishable  from  uninfected  cells,  with 
rare,  small  nultinucleated  cells  (Fig  11a) .  Cultured  productively  infected  with 
virus  containing  the  monocytetropic  aiv  determinant  and  a  functional  (NLHXADA-£M, 
Fig  lib)  car  nonfunctional  (NLHXADA-OG,  Fig  11c)  vpu  gene  shewed  characteristic 
cytcpathic  effects.  These  consisted  of  the  formation  of  multinucleated  giant  cells, 
often  containing  10  or  more  nuclei  per  cell,  and  cell  lysis.  The  frequencies  and 
sizes  of  these  cells  ware  ocrrparable  in  the  NLHXADA-SM  and  NLHXADA-GG  infected 
monocyte  cultures.  Virus  production  and  cellular  degeneration  and  necrosis  ware 
primarily  confined  to  xiultinucleated  cells.  Transnission  electron  microscopy 
examination  demonstrated  typical  budding  and  mature  virions  in  intracellular 
vacuoles  that  were  associated  with  the  plasma  membrane,  in  both  the  presence  and 
absence  of  vpu,  but  not  in  the  NLHXADA-SK  infected  cells  (Fig  lid) .  Freeze  fracture 
scanning  electron  microscopy  danonstrated  budding  of  virion  particles  from  the 
plasma  membrane  of  monocytes  infected  with  virus  which  lacked  a  functional  vpu  (Fig 
lie) .  No  virus  could  be  detected  in  monocytes  infected  with  recanbinant  clones 
lacking  both  vpr  and  vpu  (data  not  shown) . 
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HO.  I  Replication  of  recombinant  HIV-1  clones  with  both  wild-tvpc  and  mutant  vpr  genes.  (A)  The  panel  of  recombinant  NLHXADA 
clones  is  represented  diagramniatteally.  The  region  of  the  genome  cone*  ponding  to  the  HXADA  baements  t nucleotides  >7X>  to  K474)  is 
expanded  to  highlight  the  relative  positions  ot  H.XM7-  and  ADA-denved  sequences.  The  open  readme  frames  in  this  portion  of  the  genome 
are  represented  above.  Recombinant  clones  were  generated  by  reciprocal  DNA  fragment  exchanges  of  ADA  and  I IX B7  derived  sequence^ 
into  a  S<il\  faint  HI  li.ignicnt  ivss  to  S474)  bom  HXH2  subeloned  into  an  intermediate  shuttle  vector.  utilizing  the  restnetum  en/vme 
siti's  indicated  on  top.  1  he  lesult.mt  chimeric  .Su/|  /JmuHl  fragments  were  then  subeloned  into  the  clone  NT  4  '  to  generate 
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recombinant  NLHXADA  clones.  To  inactivate  vpr,  clones  were  digested  with  EcoR\  (nucleotide  5745),  treated  with  Klenow  fragment,  and 
religated  to  generate  a  4-bp  insertion,  as  previously  described  (24).  The  replication  levels  of  these  clones  in  monocytes  are  summarized  to  the 
right  of  each  clone.  Monocytes  were  infected  as  previously  described  (36)  by  using  filtered  virus  stocks  generated  by  transfection  of  proviral 
DNA  onto  SW480  cell  monolayers,  and  titers  were  determined  by  measuring  RT  activity.  Infections  were  done  at  low  multiplicities  of 
infection  (10  to  100  tissue  culture  infective  doses  per  well)  with  monocytes  plated  at  an  initial  density  of  2  x  1(1  cells  per  well.  Virus  replication 
was  monitored  by  serial  determinations  of  RT  activity  in  culture  supernatants  (25).  Peak  RT  activities  (days  2h  to  29)  are  expressed  as  10 
counts  per  minute  per  milliliter.  To  determine  virus  rescue,  fresh,  uninfected  PBMC's  were  added  to  monocyte  cultures  at  29  days 
postinfection,  cocultivated  (co-cult)  for  2  days,  and  maintained  separately  for  up  to  12  additional  days,  while  RT  activity  was  monitored. 
Rescue  was  scored  as  positive  with  two  successive  RT  results  that  were  more  than  fivefold  above  background  level.  (B)  The  replication 
kinetics  of  representative  NLHXADA  clones  is  graphed.  Similar  results  were  obtained  in  three  to  live  replicate  experiments. 


The  SK  fragment  encoded  the  entire  vpu  gene  product,  14  amino  acids  at  the 
C  termini  of  both  the  tat  and  the  rev  first  exerts,  and  the  N-terminal  41  amino  acids 
of  env  (Fig  12) .  Although  the  absence  of  a  vpu  initiator  methionine  codon  in  HXB2 
is  the  most  obvious  difference  between  the  SK  portions  of  HXB2  and  ADA,  a  role  for 
tat,  rev,  or  env  could  not  be  ruled  out.  The  env  sequences  differ  at  7  of  41 
predicted  amino  acid  positions,  not  including  the  nonaligned  insertion  of  3  residues 
and  deletions  of  4  residues  in  ADA.  All  but  three  of  these  differences  are  confined 
to  the  signal  peptide,  which  varies  by  up  to  30%  between  different  HIV-1  clones. 
Furthermore,  tat  and  rev  both  differ  at  3  of  14  amino  acid  positions  between  the  ADA 
and  HXB2  SK  fragments  with  four  of  these  six  changes  being  conservative  in  nature. 
Therefore,  it  is  unlikely  that  these  alterations  in  env,  tat,  or  rev  alter  their 
function.  However,  to  formally  determine  the  specific  requirement  far  vpu  during 
HIV-3  infection  of  monocytes,  the  vpu  initiator  methionine  ooden  of  the  silent 
infection  clone  NLHXADA-QG  (vpr  irritant)  was  restored  by  site-directed  mutagenesis. 
The  resultant  clone  was  found  to  generate  virus  capable  of  productive  infection  of 
monocytes  (data  not  shown) . 

HIV-1  and  related  lentiviruses  are  distinct  from  most  other  retroviruses  in 
that  besides  the  structural  gag,  pol,  and  env  genes  carmen  to  all  retroviruses,  they 
also  encode  a  number  of  genes  whose  functions  have  been  shown  or  are  speculated  to 
be  regulatory  in  nature.  In  HIV-1,  these  genes  include  tat,  rev,  vif ,  nef ,  vpu,  and 
vpr.  While  tat,  rev,  and  vif  are  essential  far  viral  gene  expression  or  virion 
infectivity,  the  precise  role  and  overall  importance  of  vpr,  vpu,  and  nef  are 
unclear,  since  these  genes  are  dispensable  for  virus  infection  and  replication  in 
GD4+  lymphocytes  in  vitro.  The  availability  of  molecular  HIV-1  clones  which  infect 
and  replicate  in  monocytes  at  levels  ocnparable  to  those  observed  with  many 
mcnocytetropic  virus  isolates  has  facilitated  investigation  of  the  role  that  these 
viral  genes  may  play  in  regulating  the  virus  life  cycle  in  monocytes.  In  the 
present  study,  we  observed  moderately  decreased  levels  of  virus  replication  in  the 
absence  of  either  vpr  or  vpu,  whereas  in  the  absence  of  both  genes,  virus 
replication  in  monocytes  dropped  to  levels  barely  at  or  below  the  level  of  detection 
by  the  FT  assay,  such  that  infection  of  these  cells  usually  could  be  detected  only 
by  virus  rescue  into  PEMGs. 
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FIG.  2.  Light,  transmission,  and  Ireeze  fracture  scanning  electron  microscopy  of  infected  monocytes.  Light  micrographs  of  loluidine 
blue-stained  semithin  plastic  sections  showing  typical  fields  of  primary  monocytes  infected  by  nonmonocytetropic  clone  NLILXADA-SK  (35) 
(A)  and  monocytetropic  clones  NLHXADA-SM  f U)  and  NLIIXADA-GG  ((')  are  shown  (15).  The  multinucleated  giant  cells  were  fewer  and 
smaller  in  panel  A  than  in  panels  B  and  C.  Magnification,  x4K().  Infected  adherent  cultured  cells  were  carefully  washed  twice  with 
phosphate-buffered  saline  (PBS),  fixed  in  situ  with  27/  glutaraldehyde  (pi  I  7.2)  in  I’llS,  scraped  free  with  a  rubber  policeman,  transferred  to 
a  15-ml  plastic  conical  tube,  and  pelleted  for  10  min  at  (>00  x  g-  centrifugation.  The  cells  were  mixed  with  warm  agar,  repelleted  in  the 
Microfuge  for  1  min,  and  refrigerated  overnight  to  form  a  firm  agar  block  The  cell  block  was  divided  into  small  pieces  and  processed  into 
Spurr’s  plastic,  after  osmification  and  block  uranyl  acetate  staining  (15).  Sections  (1  urn  thick)  were  stained  with  loluidine  blue  for  light 
microscopy,  while  thin  sections  (600  A  [60.0  nm|)  were  stained  with  uranyl  acetate  and  lead  citrate  for  transmission  electron  microscopy.  (D) 
Transmission  electron  micrograph  of  a  small  portion  of  a  multinucleated  cell  from  NLI  IXADA-GG-infected  monocytes  showing  a 
cytoplasmic  vacuole  (lower  ieft)  containing  immature  and  mature  virions  and  numerous  typical  mature  particles  associated  with  a  stretch  of 
plasma  membrane.  Magnification,  x 34,000.  (E)  Transmission  electron  microscopy  view  of  NLI IXADA  GG  infected  monocytes,  stabilized 
by  formaldehyde  fixation  before  quick-freezing,  freeze-drying,  and  platinum  replication  ( Iff).  Budding  from  the  convoluted  surface  are  several 
50-nm-diameter  brightly  outlined  spherical  virus  particles.  At  higher  magnification  (not  shown),  these  display  characteristic  surface  coats  of 
gpl20  “pegs.” 
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FIG.  3.  Comparison  of  SK  virus  replication  determinant  from  HXB2  and  ADA.  The  predicted  amino  acid  sequences  of  vpu  and  the 
portions  of  tat,  rev,  and  cue  which  are  encoded  by  nucleotides  59Vy  to  6345  (SK  fragment)  front  IIXB2  and  \DA  are  aligned  by  usine 
single-letter  amino  acid  designations.  Identical  residues  are  indicated  within  boxes. 


Fig  12. 

U*a  vpr  open  reading  frame  encodes  a  protein  of  96  amino  acids  in  most  HTV-l 
clones  and  is  conserved  in  other  lentiviruses,  including  visna-maedi  virus. 
Previous  studies  have  shown  that  vpr  is  not  required  fear  HIV-1  infection  ar 
replication  in  CD4+  lyrrphocytic  cell  lines  in  vitro,  although  its  inactivation  led 
to  slower  replication  kinetics  and  delayed  cytcpathogenciity  in  these  cells.  A 
recent  study  involving  HIV-2  has  shewn  that  vpr  is  likewise  dispensable  during 
infection  of  P04Cs  and  T-oell  lines  but  essential  far  productive  infection  of 
ncrocytes.  The  vpr  protein  has  been  demonstrated  by  radioiimuncprecipitaticn  to  be 
virion-associated,  and  thus  it  is  speculated  to  function  either  late  in  the  virus 
life  cycle,  during  particle  assembly  car  maturation,  car  early,  during  the  initial 
stages  of  infection.  The  vpu  gene  encodes  an  80-82  amino  acid  protein.  It  has  not 
been  reported  whether  the  vpu  protein  is  found  in  virion  particles,  vpu  hasbeen 
shown  to  augment  virion  particle  release  from  infected  cells,  without  affecting 
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levels  of  viral  FNA  or  protein  synthesis.  In  the  absence  of  vpu,  a  higher  ratio  of 
immature  to  mature  particles  has  bean  seen,  with  a  shift  in  capsid  formation  from 
the  plasma  mantrane  to  intracellular  membranes.  In  monocytes,  however,  particle 
assembly  and  release  occur  both  at  the  plasma  membrane  and  in  intracellular  vacuoles 


FIG.  4.  Predicted  amino  acid  homology  between  vpr,  vpu,  and  vpx.  The  predicted  amino  acid  sequence  of  the  NL4-3-derived  vpr  gene  is 
aligned  with  homologous  regions  of  the  ADA-derived  vpu  gene  and  the  vpx  gene  encoded  by  the  HIV-2RO„  clone,  with  single-letter  amino 
acid  designations.  Identical  residues  are  indicated  within  boxes.  Hydrophilicity  profiles  for  the  corresponding  segments  of  each  protein  are 
shown  at  the  bottom. 

Fig.  13. 

It  is  intriguing  that  HIV-2  and  SIV  lack  a  vpu  open  reading  frame  but  instead 
carry  a  gene  designated  vpx,  which  encodes  a  protein  of  114-118  amino  acids  in  these 
viruses,  vpu  and  vpx  occupy  similar  positions  in  their  respective  viral  genomes, 
between  pol  and  env,  but  have  only  distant  amino  acid  horology.  Recently,  it  has 
been  suggested  that  vpx  and  vpr  arose  by  duplication  from  a  carmen  progenitor  in 
HTv-2  and  SIV,  on  the  basis  of  predicted  amino  acid  sequence  horology  between  the 
genes.  To  investigate  the  possibility  of  a  similar  link  between  vpr  and  vpu  in  HIV- 
1,  the  predicted  amino  acid  sequences  of  both  vpu  and  vpx  were  aignad  with  that  of 
vpr.  Idtlicugh  less  caplelling  than  the  horology  between  vpr  and  vpx,  a  38% 
identity  vras  observed  between  vpr  and  vpu  over  a  24  residue  overlap  at  the  C- 
terminus  of  vpu  and  the  N  terminus  of  vpr  (Fig.  12,  top) .  These  sequences  were 
particular  rich  in  acidic  residues.  Similarity  in  the  hydrophilicity  profiles  of 
these  portions  of  the  vpu,  vpr,  and  vpx  products  was  also  noted  (Fig.  12,  bottom) . 

The  striking  effect  cn  virus  replication  levels  in  monocytes  observed  cnly  when  both 
genes  were  defective  suggests  that  their  gene  products  may  perform  similar  roles  and 
thus  provide  particil  functioned  ccrrplementaticn .  Alternatively,  since  lower 
replication  levels  were  observed  in  the  absence  of  either  gene,  tie  nearly  oerp  ^ete 
attenuation  observed  in  the  absence  of  both  may  result  from  a  ocrpcund  effect  of  the 
loss  of  two  relatively  important  but  functioned ly  unrelated  genes.  More  detailed 
studies  to  determine  the  precise  mechanisms  of  action  of  the  vpr  and  vpu  gene 
products  will  be  required  to  address  these  alternatives.  In  either  case,  our  data 
indicate  that  together,  vpr  and  a  second  determinant,  vpu,  are  mure  important  for 
efficient  HIV-1  infection  and  replication  in  primary  monocytes  than  was  observed 
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previously  in  lynphocytes.  These  observaticns  provide  a  rationale  far  designing 
potential  antiviral  therapies  to  block  the  action  of  these  gene  products  during  HIV- 
1  infection  of  monocytes. 

Persistent  infection  of  tissue  macrophages  plays  an  important  role  in  the 
pathogenic  effects  of  other  lenti viruses,  including  equine  infectious  anemia  virus, 
visna-maedi  virus,  and  caprine  arthritis-encephalitis  virus,  providing  a  sanctuary 
far  continuous  virus  replication  in  the  face  of  a  vigorous  host  iitnune  response. 
The  onset  of  increased  virus  replication  has  been  correlated  with  the  onset  of 
clinical  disease  manifestations,  such  as  encephalitis,  pneumonitis,  arthritis,  and 
hemoloytic  anemia.  The  existence  of  poorly  replicative  HIV-1  variants  may  be 
essential  far  establishment  of  persistent  macrophage  infection  during  the  early, 
asynpfccmatic  stage  of  disease.  Several  studies  have  suggested  a  relationship 
between  the  in  vitro  replicative  properties  of  HIV-l  isolates  in  T  lynphocytes  and 
clinical  disease  stage,  with  earlier  isolates  tending  to  replicate  more  slowly  and 
to  lower  levels  ("slow,  low”)  than  isolates  from  later  stages  of  disease  ("rapid, 
high") .  Ncnessential  regulatory  genes  are  ideally  suited  to  act  as  "molecular 
switches"  for  control  of  replication  phenotypes  by  their  activation  or  inactivation , 
particularly  in  viruses  such  as  HIV-1,  which  characteristically  generate  high  levels 
of  sequence  heterogeity.  We  demonstrate  here  that  discrete  genetic  alterations  in 
such  accessory  genes  result  in  profoundly  different  replication  rates  in  mcnocytes 
in  vitro,  which  suggests  a  mechanism  for  transisticn  from  subclinical  to  clinical 
disease  in  vivo.  These  findings  thus  provide  a  rationale  far  addressing  cn  a  wider 
scale  whether  functional  status  of  vpr  and/or  vpu  correlates  with  disease  stage  or 
serves  as  a  potential  prognostic  indicator  of  disease  progression  and  outcome. 

To  further  test  the  role  of  vpu  and  vpr  in  monocyte  infection,  several 
additional  vpu  mutant  proviruses  have  been  acnstructed.  These  include  NLHXADA-SM 
and  NLHXADA-SK/GG  plasmids  with  a  site-directed  nutation  at  the  initiator  methionine 
codon  of  vpu.  In  addition,  we  have  constructed  NLHXADA-GG,  NIHXADA-GP,  NLHXYU2-G3P, 
and  NIHXW1C1-GP  plasmids  in  which  we  have  inserted  the  vpu  initiator  methionine 
codon.  Each  of  these  clones  were  oonstructed  with  or  without  a  frameshift  nutation 
at  the  Boo  RI  site  of  vpr.  Mutations  in  these  plasmids  were  confirmed  by  nucleotide 
sequencing  and  then  assayed  for  virus  replication  kinetics  on  monocytes.  In 
addition,  we  used  primary  lynphocytes  infected  with  these  viruses  to  label  with  3H- 
leucine  and  inmuncprecipitated  with  anti-vpu  or  anti-vpr  antiserum.  Each  of  these 
mutants  confirmed  the  role  of  vpr  in  productive  macrophage  infection. 

To  identify  the  function  of  vpr  and  vpu  in  macrophages,  we  have  axistructed  a 
recombinant  vaccinia  virus  that  expresses  vpr,  and  a  reccrnbinant  vaccinia  virus  that 
expresses  the  vpu  protein  together  with  either  the  ADA  or  HXB2  envelope.  The  latter 
strategy  was  taken  in  light  of  the  fact  that  vpu  and  envelope  are  expressed  from  a 
single  bicistronic  mFNA.  Using  these  expression  systems,  we  found  no  significant 
effect  of  vpr  cn  env  synthesis,  processing,  stability,  cell  surface  transport,  CD4 
binding,  release,  oligomerization,  or  gpl20  cleavage. 
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h)  Determine  mechanism  of  acticn  of  Vtar  in  enhancing  HIV-1  infectivitv  and/or 
replication  in  MT4  lvnnhoid  cells 

The  contract  application  describes  3-10-fold  differences  in  the  ability  of  HTV- 
1  clones  with  or  without  vpr  to  replicate  in  HILV-I  infected  cell  lines,  MT4  and 
MT2.  However,  the  much  more  dramatic  differences  in  the  presence  of  vpr  in 
monocytes,  and  the  particular  relevance  of  monocytes  to  disease  pathogenesis, 
suggested  to  us  that  much  greater  esrphasis  should  be  placed  on  examining  the 
mechanism  of  acticn  of  Vpr  in  monocytes  than  in  MT4  cells.  Thus,  the  same  analyses 
described  in  the  original  contract  application  far  MT4  cell  studies  will  still  be 
performed,  but  these  studies  will  take  a  lower  priority  to  pursuing  the  much  more 
exciting  monocyte  infection  studies. 

i)  Determine  effects  of  Vtar  on  HIV-1  infectivitv 

In  collaboration  with  Drs  Stevenson,  Bukrinsky,  and  Bnerman,  we  found  that  vpr 
was  critical  far  preintegration  ocrrplex  transport  to  the  nucleus  in  quiescent  cells. 
In  arrested  T  lynphocytes,  neither  the  nuclear  localization  signal  in  pl7  Gag  or  Vpr 
was  critical  far  virus  replication,  but  deletion  of  both  signals  arrested  virus 
replication  (Fig  14) .  Using  PCR,  we  found  that  either  signal  was  critical  far  the 
formation  of  UR  circle  farms  of  viral  ENA,  a  measurement  of  preintegraticn 
transport  into  the  nucleus  (Fig  15) .  Similarly,  in  macrophages,  alteration  of  the 
nuclear  localization  signal  in  pl7  Gag  or  Vpr  alone,  had  a  moderate  effect  on  virus 
replication,  whereas  alteration  of  both  signals  abrogated  replication  (Fig  16) .  PCR 
data  in  monocytes  showed  very  similar  results  to  that  obtained  in  quiescent  T  cells 
where  at  least  one  of  these  signals  was  required  far  formation  of  DIR  circles  (Fig 
17). 

ii)  Determine  effects  of  Vpr  on  HIV-1  production 

The  studies  described  above  suggest  that  Vpr  affects  an  early  step  in  virus 
replication,  and  therefore  the  studies  originally  described  far  this  section  were 
not  performed. 

We  have  examined  by  transmission  electron  microscopy,  monocytes  infected 
productively  or  silently  by  a  number  of  the  virus  strains  described  above.  No  virus 
particles  were  detected  in  silently  infected  monocytes,  but  this  is  being  re¬ 
examined  as  described  above.  Thus,  either  the  replication  cycle  is  aborted  prior 
to  the  step  of  virus  assembly,  or  the  level  of  expression  was  too  low  to  be  detected 
by  electron  microscopy. 

iii)  Determine  if  Vpr  effects  can  be  ccrolemented  in  trans 

The  effects  of  Vpr  could  not  be  fully  carplemented  in  trans. 
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iv)  Determine  if  Vtar  effects  are  independent  of  other  regulatory  proteins 

We  have  already  demonstrated  a  potential  interaction  between  vpr,  vpu,  and  vpx. 
Mutant-  strains  or  HIV-2  were  ccr^tixicted  to  examine  if  vpr  and  vpx  affects  are 
independent. 

v)  Determine  the  structure-function  relationships  of  Vnr 

Several  additional  vpr  nutants  have  been  oonstructedin  regions  conserved 
between  HIV-1,  HIV-2,  and  SlVtaac.  Mutants  in  the  basic  amino  acid  rich  region  of 
Vpr  have  been  ocnstructed  to  examine  the  role  of  this  region  in  nuclear  localization 
and  virion  packaging. 

i)  Determine  the  role  of  Vtar  in  vivo  with  appropriate  model  systems 

We  have  initiated  studies  in  scid/hu  mice  with  constructs  NLHX,  NLHXAOA-GG,  and 
NLHXADA-GG  vpr  mutant  in  collaboration  with  R.  Markham  (Johns  Hopkins) .  The  first 
experiment  showed  successful  replication  and  recovery  from  inoculated  mice  with  each 
virus.  Quantitative  assays  are  now  developed  using  in  situ  hybridization  and  PCR 
and  will  be  applied  in  additional  in  vivo  experiments  of  this  type. 

We  have  deferred  work  in  the  rabbit  model  system  as  advised  by  our 
collaborators,  Drs.  Han  Folks  and  Michael  Lairncre  (CDC  and  Ohio  State  university) , 
since  consistent  infection  results  could  not  be  reproduced  with  this  model  system. 

Studies  of  vpr  mutants  in  SIVmac239  are  already  underway  in  Dr.  Desrosiers 
group  at  the  New  England  Primate  Research  Center. 

j)  Determine  the  role  of  Vtar  in  modulating  disease  in  HIV-1  infected  humans 

In  collaboration  with  Dr.  Richard  Markham  (Johns  Hopkins) ,  we  have  obtained 
samples  from  seven  patients  followed  over  the  course  of  several  years  with  three 
PBMC  samples  from  each  patient  at  times  when  the  CD4>1000,  04=250-750,  and  CD4<250, 
far  this  study.  However,  insufficient  funds  were  available  to  complete  this  task, 
in  light  of  the  budgetary  cuts  that  were,  imposed  in  the  last  six  months  of  the 
project. 
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2.  To  determine  the  function  of  viral  protein  X  (Vox) 

a)  To  assess  the  effects  of  Vpx  cn  replication  cvtopathicitv  of  HIV-2  in  T  lvrrchoid 
and  mcnocytoid  cells 

i)  To  determine  effects  of  Vpx  on  site  of  virus  assembly  in  the  cell 

We  have  utilized  inrunogold  electron  microscopy  to  examine  Vpx  incorporation 
into  virus  particles.  No  detectable  gold  particles  were  found  an  virions  generated 
from  vpx  mutant  HIV-2  virus,  MX,  and  vpx/vpr  double  mutant,  MR/MX  (Fig.  18) .  As 
with  Vpr  expression,  intracellular  particles  were  relatively  depleted  of  Vpx 
ocnpaned  to  extracellular  particles.  Background  gold  labeling  in  cellular  sites  was 
too  high  to  determine  the  localization  of  free  vpx  in  the  cell.  Vpx  held  no  effect 
on  the  site  of  virus  assembly  in  FBLs  or  CEM  cells.  Preliminary  imrunofluoresoenoe 
studies  demonstrated  that  most  vpx  in  the  infected  cells  or  in  transfected  cells  was 
cytosolic. 

ii)  To  determine  the  cellular  localization  of  Vtax  in  HIV-2  infected  cells 

This  is  discussed  above. 

iii)  To  determine  if  there  are  oo-  or  post-translaticnal  modifications  of  Vtax 
No  co-  or  post-translational  modification  of  Vpx  were  identified. 

d)  To  assess  whether  Vtax  proviral  mutants  can  be  cxrnlementad  in  trans  by  a  a  Vtax 
expression  clone 

Vpx  could  not  be  fully  ocnpleroented  in  trans. 

e)  To  determine  str\x±ure-functicn  relationships  of  Vtax 

To  examine  Vpx  binding  to  HIV-2  FNA,  as  noted  previously,  we  have  cloned  HIV-2 
vpx  and  vpr  genes  into  pDO  expression  vectors  to  allow  expression  in  reticulocyte 
lysates  and  in  vTF7-3  infected  BSC40  cells,  and  into  pfCN  vectors  for  E.  ooli 
expression.  Northwestern  blots  with  the  reticulocyte  lysate  expressed  and  vaccinia 
virus  expressed  Vpx  proteins  failed  to  demonstrate  specific  binding  to  viral  SNA, 
but  the  amounts  of  protein  expressed  in  these  systems  was  quite  low.  Northwestern 
blot  oonditiens  have  been  established  with  the  E.  ooli  expressed  proteins.  As  a 
control,  we  have  shown  that  expressed  HIV-1  gag  binds  specifically  HIV-1  FNA. 
We  have  therefore  prepared  blots  with  HIV-2  gag  p55  and  vpx  proteins  to  examine 
binding  to  the  HIV-2  FNAs  that  have  been  prepared. 
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Fig  5.  Immunogold  electron  microscopic  localization  of  VPX.  PBMCs  were  infected  for  14  days  with  a  d,  ES. 
e)  MR,  or  f)  MX  viruses  a  and  bl  VPX  gold  complexes  in  ES  infected  cells  in  extracellular  vmons 
Magnification  x  82,000,  1  cm  bar  =  0  122  urn.  c)  VPX  gold  complexes  in  £S  infected  cells  in  intracellular 
virions.  Magnification  x  13,900,  1  cm  bar  =  0.72  urn.  d)  VPX  gold  complexes  in  ES  infected  cells  m 
,  intracellular  virions  (higher  power  view  of  c).  Magnification  x  78,000,  1  cm  bar  =  0  128  um  e)  VPX  gold 

VlfJ  IB.  complexes  in  MR  infected  cells  and  extracellular  virions.  Magnification  x  79,000,  1  cm  bar  =  0  127  um  fl 

VPX  gold  complexes  <a5  nm.  double  arrowhead)  in  MX  infected  cells  and  extracellular  virions,  and  GAG  p24 
gold  complexes  (5  nm,  single  arrow)  shown  for  comparison,  Magnification  x  38,000,  1  cm  bar  -  0  263  um 
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To  assess  the  requirements  far  vpx  packaging  in  viricns,  \re  have  expressed  vpx 
with  a  vaccinia  virus  expression  system,  in  the  presence  cor  absence  of  gag.  We 
found  that  p55  gag  is  sufficient  far  vpx  packaging,  and  pol  proteins,  virion  FNA, 
and  proteolytic  cleavage  of  gag  was  not  required  far  vpx  incorporation  into  virus 
particles  (Fig  19) .  Moreover,  vre  found  that  anti-vpx  antiserum  was  capable  of 
coprecipitating  p27  capsid  with  vpx  (Fig  19) .  The  vpx-CA  catplex  was  resistant  to 
boiling  in  4%  SDS,  suggesting  a  covalent  oarplex.  However,  the  complex  was 
dissociated  by  treatment  with  mercaptoethanol  or  DIT,  suggesting  a  disulfide  bend. 
Treatment  of  virions  with  iodacetamide  prior  to  processing  did  not  affect  catplex 
formation,  suggesting  that  this  is  not  an  artifact  occurring  during 
inminoprecipitaticn ,  but  rather  farms  during  virus  particle  assembly.  Neither  MA, 
NC,  or  p6  were  involved  in  the  vpx-CA  catplex. 
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Fig.  1.  Association  of  recombinant  vaccinia  virus  expressed  VPX  with  GAG  p27.  BSC40  cells  were  cotransfected  1  hr  after  infection  with 
VTF7-3  with  20  of  pTM3  (lanes  1,2,9,  10),  pTMX  (lanes  3,  4,  ft,  12,  17,  18),  pTMGP2  (lanes  5,  6,  13,  14).  pTMX  and  pTMGP2  (lanes  7.8.  15. 
16.  19.  20).  pTMX  and  pTMG2  (lanes  2 1 . 22),  or  pTMX  and  pTMGPr2  (lanes  23,  24).  The  calcium  phosphate  precipitation  method  was  used  for 
transfection  for  (A)  and  (B)  and  the  lipofectin  transfection  method  for  (C),  and  equivalent  amounts  of  DNA  were  transfected  In  each  case  (with  the 
addition  of  pTM3).  After  3  hr  of  cultlva'ion  In  DMEM  supplemented  with  10%  fetal  calf  serum,  50  \xl ml  penicillin,  and  50  jig/ml  streptomycin  the 
cells  were  placed  in  medium  lacking  methionine  and  cysteine,  and  labeled  for  1 6  hr  with  1 00  ^Ci/ml  Trans[36S) label  (ICN).  Samples  ot  condi¬ 
tioned  medium  (lanes  9-24)  were  cleared  of  cellular  debris  by  centrifugation  at  1000  rpm  for  5  min  and  then  0.1  vol  of  10X  lysis  butler  was 
added.  Cells  were  washed  with  PBS  and  then  PBS  was  added  to  the  plates  during  scraping  with  a  rubber  policeman.  0.1  vol  of  1 0x  lysis  buffer 
was  added  and  the  cells  were  vortexed  at  4°  for  t  mm  Nuclei  were  removed  by  centrifugation  at  2000  rpm  for  10  min.  Immunoprecipitation  was 
performed  with  a  rabbit  anti-l /px  antiserum  (odd-numbered  lanes)  or  a  mouse  monoclonal  anti  HIV-2  GAG  antiserum  (even-numbered  lanes, 
provided  by  Dr.  Paul  Voshihara  through  the  NIH  AIDS  Reagent  Repository).  Immunopreclpitates  were  washed  with  1  x  lysis  buffer  three  times 
and  then  30  ^1  of  2x  sample  buffer  was  added.  Samples  were  treated  at  100°  for  5  mm  and  analyzed  on  12%  PAGE.  Molecular  weight  markers 
are  indicated  (M)  and  the  sizes  are  listed  on  the  right  of  the  figure  in  kDa 


Fig  19. 
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We  found  that  HIV-1  viricns  were  inefficient  at  inoarparation  of  vpx  (Fig  20) . 
Therefore,  we  have  constructed  several  HIV-1/2  Gag  chimeric  proteins  to  define  the 
critical  domain  required  far  vpx  incorporation.  A  ocnstruct  with  only  the  CA  coding 
sequence  of  HIV-2  in  place  of  that  of  HIV-1  CA  coding  sequence  is  capable  of  vpx 
incorporation.  Further  chimeras  were  constructed  subdividing  the  CA  sequence 
required  far  vpx  packaging,  as  well  as  site-directed  mutants  in  CA. 


Conditioned  Media 


- REU - P.mn _  PTMGPl  PTHGP2  PTHCI  pTKX/  pTMX/  pTHX/ 

PTMGP1  PTMGP2  pTMGl 

G1  G2  X  G1  G2  X  G1  X  G2  X  G1  X  G1  X  G2  X  G1  X 

M  1  2  2  «  5  6  7  8  9  10  XX  12  13  14  15  16  17  18  M 


Plasmid 

Antiserum 

Lane 


-  69  kDa 

-  p55 


-“p5^ 


-30  kDa 


-22  kDa 

-  pl6 

-  14  kDa 


Fig.  4.  Specificity  of  VPX  for  association  with  HIV-2  GAG  but  not  HIV-1  GAG  protein.  BSC40  cells  were  transfected  with  pTM3  (lanes  1  -3) 
pTMX  (lanes  4-6).  pTMGPl  (lanes  7,  8).  pTMGP2  (lanes  9.  10).  pTMGl  (lanes  11.  12),  pTMX  and  pTMGPl  (lanes  13,  14).  pTMX  and  pTMGP2 
(fanes  1 5.  16).  or  pTMX  and  pTMGl  (lanes  1 7,  18).  Cells  were  transfected  with  equivalent  amounts  of  DNA  and  labeled  with  Transf^SJIabel.  as 

described  in  Fig.  1  legend.  Samples  of  conditioned  media  were  immunoprecipitated  with  an  anti-HIV-1  GAG  antiserum  (lanes  1  4  7  11  13  17 

produced  m  rabbits  with  a  recombinant  protein  provided  by  the  NIH  AIDS  Reagent  Repository  through  American  Biotech)  the  anti  HIV-2  p24 
antiserum  (lanes  2.  5.  9,  15).  or  the  anti-VPX  antiserum  (lanes  3,  6,  8.  10,  12.  14,  16,  18).  Samples  were  electrophoresed  on  SDS-PAGE  and 
molecular  weight  standards  (M)  are  shown  on  the  right. 


Fig  20. 

We  have  also  constructed  deletion  mutants  of  vpx  to  examine  the  critical 
domains  required  for  incarparaticn  into  viricns.  These  include  deletion  of  the 
proline  tail  which  was  not  essential  for  vpx  inoarparation.  We  have  also  deleted 
the  cys-his  domain  as  veil  as  the  anphipathic  helix,  alone  car  in  cxmbination  with 
each  other  or  the  proline  tail  deletion.  Since  several  of  these  constructs  had 
reduced  reactivity  with  the  anti-vpx  antiserum,  they  were  tagged  at  the  N-terminsu 
with  a  hemagglutinin  epitope,  which  neither  altered  vpx  ocnfarmation  car  packaging 
activity. 
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In  addition,  nutation  of  each  of  the  three  cysteine  residues  in  vpx  was 
performed  alone  or  in  oattoination  to  examine  their  role  in  vpx  activity,  and  ccmplex 
formation  with  CA. 

f)  To  assess  effects  of  Vox  on  replication  and  cvtopathicitv  of  SIV  in  T  lvrrchoid 
and  mcnocvtoid  cells 

We  have  focused  our  initial  work  on  the  HIV-2  Vpx  protein.  We  have  found  that 
nutation  of  vpx  in  HIV-2  leads  to  a  decrease  in  HIV-2  replication  in  PBLs  and 
HeLa/T4  cells,  particularly  at  low  multiplicities  of  infection.  Minimal  or  no 
effects  were  found  in  CEM  cells. 

To  further  define  the  nature  of  the  vpx  defect  in  FELe  versus  CEM  cells  was 
examined.  For  this  purpose,  we  used  FOR  studies  similar  to  those  described  above 
far  vpr.  In  addition,  studies  were  carried  out  in  HeIa/T4/beta-galactosidase 
indicator  cells. 

g)  To  assess  the  role  of  Vtax  in  vivo  with  animal  model  systems 

Animal  model  studies  awaited  initial  data  with  the  HIV-1  viruses  in  scid/hu 
mice  (see  l.i.)  and  the  initial  data  with  the  HIV-2  virus  studies  outlined  in  this 
section.  Insufficient  funds  were  available  to  cscnplete  this  task,  due  to  severe 
budgetary  cuts  in  the  last  six  months  of  the  project. 
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3.  To  determine  the  function  and  mechanism  of  action  of  negative  factor  (NEF) 

a)  To  determine  relative  effects  of  HIV-1  Nef  cn  viral  transcription.  degradation, 
and  nuclear-cytoplasmic  transport 

We  have  demonstrated  that  HIV-1  and  SlViiac  Nef  affect  viral  transcription  but 
not  degradation  car  processing  of  viral  transcripts.  This  woric  was  reported  in  the 
first  year's  annual  report  and  in  our  manuscript  (Niederman,  Hu,  Ratner,  Simian 
immunodeficiency  virus  negative  factor  (NEF)  suppresses  viral  rriFNA  acxxmulaticn  in 
COS  cells.  J.  Virol.  65:3538-3546,  1991) . 

We  have  discussed  the  ocntroversy  cxpcerning  these  results  in  a  recent  review 
by  Niederman  and  Ratner,  Functional  analysis  of  HIV-1  and  SIV  nef  proteins.  Research 
in  Virology  143:43-46,  1992.  We  found  that  the  multiplicity  of  infection  was 
critically  inpcrtarrt  in  assessing  the  effects  of  Nef  in  virus  replication  studies. 
It  appeared  reasonable  to  assess  the  relevance  of  the  moi  considering  the  relatively 
moderate  effects  of  Nef  ocnpared  to  the  effects  of  Tat  ac  Rev.  The  hypothesis  is 
that  at  relatively  high  moi,  subtle  effects  of  Nef  may  be  masked  due  to  an  overload 
of  viral  ENA  templates.  That  is,  Nef  may  require  a  limited  pool  of  cellular  factors 
in  order  to  maintain  transcriptional  suppression.  Cnee  a  cascade  of  virus 
replication  has  occurred,  and  hiefri-titer  virus  results,  it  may  be  impossible  far  Nef 
to  reverse  or  even  halt  the  cascade. 

To  assess  the  effect  of  the  moi  on  Nef 's  suppressive  capacity  we  ocnpared  the 
replication  of  Nef+  and  Nef-  viruses  in  lymphoid  cells  under  conditions  of  varied 
moi.  We  found  that  at  relatively  high  moi,  replication  of  the  Nef+  and  Nef-  viruses 
was  indistinguishable  as  measured  by  reverse  transcriptase  activity.  Hcwever,  upon 
serial  10-fold  dilutions  of  the  initial  virus  inoculum,  the  replication  of  the  Nef+ 
virus  was  significantly  inhibited  (ip  to  25-fold)  in  several  T-cell  lines  ocnpared 
to  its  Nef-  cxxmterpart.  In  addition  to  generating  lower  levels  of  reverse 
transcriptase  activity,  the  Nef+  viruses  lagged  by  4-8  days  in  comparison  to  the 
Nef-  virus  with  regards  to  detection  of  reverse  transcriptase  activity.  This  lag 
period  may  represent  an  in  vitro  farm  of  latency.  Similar  experiments  were  carried 
out  in  macrophages.  Recently  other  investigators  ocnpared  the  replicative 
capacities  of  SIV  Nef+  versus  Nef-  viruses.  They  also  found  Nef -mediated 
suppression  to  be  dependant  upon  low  moi  conditions  and  also  observed  a  lag  period 
for  viral  growth  in  the  presence  of  Nef.  Finally,  there  are  other  examples 
demonstrating  the  relevance  of  the  moi  when  determining  the  function  of  other  HIV- 
gene  products,  including  Vpr  and  Vpx. 

Other  factors  contributing  to  the  differences  observed  between  our  laboratory 
and  that  of  Kim  and  ccworkers  may  involve  different  modes  of  virus  transmission. 
In  our  system,  Jurkat  cells  were  cocultivated  with  CDS  cells  which  were  constantly 
shedding  extremely  low  concentrations  of  virus,  too  lew  to  be  detected  by  reverse 
transcriptase  activity.  Viral  transmission  may  be  either  through  oell-to-oell 
contact  or  via  cell-free  virus.  In  contrast,  Kim  and  colleagues  used  virus  derived 
from  lynphocytes  and  adjusted  the  level  of  the  virus  inocula  based  cn  measurable 
reverse  transcriptase  activity;  additionally,  there  are  several  amino  acid 
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differences  between  of  our  nef  allele  and  that  of  Kim  et  al,  and  it  is  interesting 
to  note  that  the  Nef  proteins  differed  with  respect  to  the  mobilities  on  SDS  PA3E. 

b)  lb  characterize  Nef  responsive  sequences 

Stimulation  of  T  cells  by  T-oell -specific  stimuli  (e.g.  antigen  and  antibody 
to  CD2  or  CD3)  or  nonspecific  mitogens  (e.g.  phytohemagglutirr r.  TFHA]  and  ptorbol 
12-myristate  13 -acetate  [FMA] )  results  in  the  induction  of  the  ENA  binding  activity 
of  the  host  transcription  factor,  NF-kB.  The  NF-kB  family  of  proteins  normally 
regulates  the  expression  of  genes  involved  in  T-oell  activation  and  proliferation, 
such  as  interleukin  2  (H/-2)  and  the  alpha  subunit  of  the  ID-2  receptor.  The  human 
ixtmunodeficiency  virus  type  1  (HIV-1)  promoter  possesses  two  adjacent  NF-kB-binding 
sites,  which  allows  the  virus  to  subvert  the  normal  activity  of  NF-kB  to  enhance  its 
own  replication. 

Previous  wark  suggests  that  the  HIV-l-enooded  Nef  protein  serves  as  a  negative 
regulator  of  HIV-1  replication.  Furthermore,  we  and  others  have  found  that  Nef  may 
suppress  both  HIV-1  and  Ur-2  transcription.  To  investigate  whether  Nef  affects  the 
ENA  binding  activity  of  NF-kB  or  other  transcription  factors  implicated  in  HIV-1 
regulation,  we  used  the  human  T-oell  lines  stably  transfected  with  the  nef  gene. 
Jurkat  (J25)  human  T-oell  clone  133  oonstitutively  expresses  the  NL4-3  nef  gene. 
22F6  cells  represent  another  antibiotic-resistant  clone  of  J24  cells;  however,  these 
cells  do  not  contain  nef  sequences  and  do  not  express  Nef.  Additionally,  we  used 
oligoclcnal  Jurkat  E6-1  and  HPEP-ALL,  cells  expressing  the  SF2  nef  gene  either  in  the 
correct  orientation  (Jurkat/InefSN  and  HFB-AlD/InefSNSl  cells)  or  in  the  reverse 
orientation  (Jurkat/LfenSN  and  HPB-ALL/LfenSN  cells)  with  respect  to  the  Moloney 
murine  leukemia  virus  promoter.  These  cells  represent  a  mixed  population  of  cells 
expressing  Nef  to  various  degrees  and  were  vised  to  exclude  the  possibility  that 
clonal  selection  accounts  far  Nef  effects  obs  ^r 'ed  in  the  J25  clones. 

To  determine  the  inpact  of  T-oell  activation  on  the  expression  of  Nef,  the 
human  T-oell  lines  were  stimulated  with  FHA  and  EMA.  Cells  were  maintained  in 
logarithmic  growth  in  KFKE  1640  medium  supplemented  with  10%  fetal  bovine  serum 
and  2  nM  glutamine.  J25  and  Jurkat  E6-1  cells  (5  x  ltf)  and  HPB-ALL  cells  (1.5  x 
107)  were  either  not  stimulated  or  stimulated  with  13  ug  of  FHA-P  (Sigma)  and  75  ng 
of  EMA  (Sigma)  per  ml  far  4  h.  The  cells  were  lysed  in  KEPA  buffer,  and  lysates 
ware  iitrunqprecipitated  with  rabbit  polyclonal  arrti-Nef  sera.  The  immincprecipiates 
wore  subjected  to  SDS-PAGE  (12%  polyacrylamide) ,  and  the  proteins  were  transferred 
to  nitrocellulose  for  Western  blot  analysis.  The  primary  antibody  was  the  rabbit 
arrti-Nef -serum,  and  the  secondary  antibody  was  alkaline  phosphatase-conjugated  goat 
anti-rabbit  immunoglobulin,  sepcific  far  the  heavy  chain  (Prcmega) .  The  proteins 
were  visualized  by  color  development  with  nitroblue  tetrazolium  and  5-brcmo-4- 
c±daro-3-ixidoylphosphate  toluidinium  (Prcmega) .  Band  intensity  was  determined  by 
laser  densitometry  scanning  of  the  Western  blot  and  was  in  the  linear  range  of 
analysis  as  established  by  a  standard  curve.  Jurkat  E6-1  cells  weree  obtained  from 
the  AIDS  Repository,  American  Type  Culture  Collection  (Arthur  Weiss) ,  and  were 
stably  transduced  with  the  SF2  nef  gene  as  previously  described. 
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FIG.  1.  lmmunoblot  analysis  of  the  HIV-1  Nef  protein  in  stably 
transfected  and  transduced  human  T-cell  lines.  Cell  lysates  were 
immunoprecipitated  with  rabbit  anti-Nef  polyclonal  serum,  electro- 
phoresed,  transferred  to  nitrocellulose,  and  immunoblotted  with  the 
same  anti-Nef  serum.  The  cells  were  either  unstimulated  (-)  or 
stimulated  (+)  with  PHA  and  PMA  before  cell  harvesting.  Pres¬ 
tained  protein  size  markers  are  indicated  on  the  left  in  kilodaltons. 
Nef  protein  in  the  133  cells  (21)  was  expressed  from  the  nef  gene  of 
isolate  pNL432  and  had  an  apparent  molecular  mass  of  27  kDa, 
whereas  the  Nef  proteins  expressed  in  the  Jurkat  E6-1  and  HPB- 
ALL  cells  were  encoded  by  the  nef  gene  of  isolate  SF2  and 
demonstrated  an  apparent  molecular  mass  of  29  kDa.  Immunoglob¬ 
ulin  G  (IgG)  heavy  chain,  which  was  present  in  the  antiserum  used 
for  the  immunoprecipitation  step,  is  indicated  at  the  right. 


Fig  21 

Eraounoblot  analysis  with  anti-Nef  antibodies  showed  that  stimulation  ran<^«i  a 
two-  to  threefold  increase  in  Nef  expression  in  clone  133  cells  (Fig.  21) .  This 
increase  was  proably  due  to  the  inducibility  of  the  chimeric  simian  virus  40  (SV40)  - 
human  T-cell  leukemia  virus  type  I  promoter  used  to  direct  Nef  expression.  However, 
Nef  expression  was  not  induced  in  the  Jurkat  E6-1  or  HPB-ALLL  cells  (Fig.  21) .  The 
level  of  Nef  expressed  in  these  cells  is  ocnparable  to  the  amount  of  Nef  generated 
by  H3V-1  in  productively  infected  CEM  human  T  cells  (data  not  shown) .  The 
difference  in  the  apparent  molecular  weight  of  the  Nef  produced  in  clone  133  nolle; 
and  those  produced  in  the  Jurkat/InefSN  and  HPB-ALL/LnefSNSl  cells  is  due  to  the 
presence  of  an  alanine  at  amino  acid  position  54  in  the  NL4-3  nef  gene  catpared  with 
the  presence  of  an  aspartic  acid  at  that  position  in  the  SF2  nef  gene.  The  amount 
of  lysate  equivalents  loaded  in  the  HFB-ALL/LnefSNSl  lanes  was  threefold  hi^ier  than 
that  of  the  Jurkat/LnefSN  lanes.  Nevertheless,  the  amount  of  Nef  expressed  in  the 
HFBr-ALL/LnefSNSl  cells  was  approximately  fourfold  higher  than  the  amount  produced 
in  the  Jurakt/LnefSH  cells  (Fig.  21) .  Nef  did  not  appear  to  be  toxic  in  that  Nef- 
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producing  cells  exhibited  the  same  doubling  time  and  morphology  as  the  control 
cells. 

Gel  shift  assays  were  performed  with  nuclear  extracts  prepared  frcm  stimulated 
and  unstimulated  cells.  Nuclear  extracts  were  prepared  frcm  5  x  107  cells  with  a 
modified  version  of  the  method  of  Digram  and  colleagues  as  adapted  by  hfcrrtminy  and 
Bilezikjian.  Following  anrxnium  sulfate  precipitation,  nuclear  proteins  ware 
resuspended  in  a  100  ul  solution  ocntaining  20  irM  HEPES  (N-2 -hydroxyethy  lpiperaz ine- 
N ' -2-ethanesulfcnic  acid,  pH  7.9) ,  20  irM  KC1,  1  irM  MgCl2,  2  rrM  DTT,  and  17%  glycerol 
with  the  addition  of  10  nM  NaF,  0.1  nM  sodium  vanadate,  and  50  xrM  beta-glyoerol- 
phosphate.  Cytoplasmic  extracts  ocnsisted  of  the  supernatant  resulting  from  the 
lysis  of  cells  in  hypotonic  lysis  solution,  (Jouncing,  and  low-speed  oentrifgugaticn 
to  pellet  nuclei.  Binding  reaction  mixtures  contained  2  ul  (2  ug)  of  nuclear 
extract  (Fig.  22a  throu^i  d)  or  6  ul  (7  ug)  of  cytoplasmic  extract  (Fig.  22e) ,  2  ug 
of  poly(dl-dC)  (Fharmacia),  100-fold  molar  excess  of  unlabeled  NF-kB  mutant 
oligonucleitde  (ACT^CICACITTCaG^^  ,  and  20,000  cpro  of  end-labeled 
oligonucleotide  probe  in  ENA  binding  buffer  in  a  final  volume  of  22  ul.  Reactions 
were  performed  at  3 (f  C  for  25  min,  immediately  loaded  on  a  4.5%  polyacrylamide  gel 
with  0.5  X  Tris-borate-IIJEA,  and  mn  at  200  V.  Oligcnucleitdes  used  were  as 
follows:  NF-KB,  ACAAGGG^IITiraX^  SP-1,  Qy3QGflGGGGlQjCX3K3G- 
GCX3GGAClt3GGGACrIGGOSr0C.  All  ENA  probes  were  gel  purified  and  end  labeled  with 
gaima-3  2P-AIP .  The  intensity  of  the  indicated  bands  was  determined  by  laser 
densitometry  and  by  measuring  the  radioactivity  of  excised  bands  in  a  liquid 
scintillation  counter.  There  was  a  linear  relationship  between  the  amount  of 
extract  used  and  ENA-binding  activity  (data  not  shown) .  There  was  no  N^-kB  ENA 
binding  activity  with  the  cytoplasmic  ©(tracts  in  the  absence  of  deaxycholic  acid 
(data  not  shown) .  Protein  concentration  was  determined  with  the  Bradford  reagent 
(Biarad)  with  bovine  serum  albumin  as  a  standard.  Nuclear  extract  preparations  and 
binding  reactions  were  repeated  on  three  separate  occasions  with  similar  results. 

The  induction  of  NF-kB  activity  in  stimulated  133  cells  was  suppressed  5-7-fold 
oaipared  with  that  of  the  22F6  cells.  This  inhibition  was  evident  40  min  poststimu¬ 
lation  and  was  sustained  throughout  the  4  h  stinulaticn  period  (Fig.  22a) .  J25 
clone  22D8  cells  represent  a  distinct  clonal  cell  line,  which,  like  the  133  cells, 
also  stably  express  Nef .  NF-kB  induction  was  suppressed  4-5-fold  in  the  22D8  cells 
ocnpared  with  that  of  the  22F6  cells  (Fig.  22b) .  NF-kB  suppression  was  more  pro¬ 
found  in  the  133  cells  than  in  the  22D8  cells,  which  correlates  with  the  observation 
that  Nef  expression  was  higher  in  the  133  cells.  Similar  to  the  Nef -expressing  J25 
clones,  Nef  inhibited  NF-kB  induction  3-4-fold  in  the  JurkatLnefaY  and  HFB-ALL/Inef- 
SNS1  cells  oaipared  with  their  ncn-Nef -expressing  counterparts  (Fig.  22c  and  d) . 
Nef -mediated  NF-kB  suppression  was  mere  profound  in  the  Jurkat/LnefCN  cells  than  in 
the  HPB-ALL/Lnef£NSl  cells,  even  though  the  HPB-ALL/LnefSNSl  cells  expressed  several 
fold  higher  levels  of  Nef.  This  result  is  likely  due  to  the  biological  differences 
that  exist  between  the  two  cell  lines.  That  is,  Jurkat  cells  may  be  mere  sensitive 
to  the  effects  of  Nef  than  HFB-ALL  cells  because  of  differential  expression  of  pro¬ 
teins  involved  in  signal  transduction.  That  Nef -mediated  NF-kB  suppression  in  the 
133  and  22D8  cells  was  greater  than  in  the  Jurtot/LnefSN  and  HPB-rtLL/LnefSNSl  cells 
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may  be  dne  to  the  expression  of  a  different  nef  allele  in  the  133  and  22D8  cells. 
Alternatively,  this  result  could  be  due  to  tine  fact  that  every  cell  in  the  culture 
of  133  and  22D8  cells  produced  a  relatively  high  level  of  Nef,  whereas  the 
Jurkat/LnefSN  and  HPB-AUj/InefSNSl  oells  represent  a  mixed  population  of  cells 
expressing  low  and  high  levels  of  Nef  or  no  Nef  at  all. 
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FIG.  2.  Gel  shift  analysis  of  NF-kB  activity  in  nuclear  extracts  prepared  from  J25  (a  and  b).  Jurkat  F.6-1  (c),  or  HPB-ALL  Id)  cells,  (a) 
22F6  and  133  cells  were  stimulated  with  PHA  (13  ng/ml)  and  PMA  (75  ngyml)  for  0,  40,  80,  120.  or  240  nun.  22Fh  and  22D8  (b),  Jurkat  1-6-1 
(c),  or  HPB-ALL  (d)  cells  were  not  stimulated  (0)  or  were  stimulated  with  PMA  and  PMA  as  described  above  for  4  h  (4).  DNA  probes  used 
.  for  binding  are  specified  on  the  top  of  each  panel,  (e)  Cytoplasmic  protein  extracts  (7  ptg  each)  from  the  indicated  cells  were  incubated  with 

Fig  22  the  NF-kB  DNA  probe  as  described  in  the  text,  in  the  presence  of  0.67;  deoxychohc  acid  (Sigma).  N,  S.  and  P,  NF-kB -specific  binding. 

SP-l-specific  binding,  and  free  probe,  respectively.  SP-1  binding  served  as  a  control  for  extract  quality  and  specificity  of  Nef  effects.  Cold 
indicates  that  100-fold  molar  excess  of  unlabeled  DNA  was  added  for  competition,  ns,  nonspecific  bindme.  Data  represent  at  least  three 
independent  experiments. 
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NF-kB  activity  in  nuclei  from  unstinulated  cells  was  extremely  low  tut 
detectable,  and  no  differences  between  the  Nef -expressing  and  control  cells  were 
observed  (data  not  shown) .  Additionally,  when  cytoplasmic  extracts  from 
unstinulated  cells  were  treated  with  deaxycholic  acid  (which  releases  NF-kB  from  its 
cytoplasmic  inhibitor  IkB) ,  they  exhibited  NF-kB  activity  independent  of  Nef 
expression  (Fig.  22e) .  Finally,  that  Nef  suppressed  the  level  of  NF-kB  induction 
after  only  40  min  of  stimulation  suggests  that  Nef  does  not  suppress  pllO  or  p65  NF- 
kB  inRNA  expression.  These  observations  indicate  that  Nef  affects  the  recruitment 
and  not  the  cytoplasmic  concentration  of  NF-kB.  The  binding  of  SP-1  was  independent 
of  Nef  expression  ad  stimulation,  and  the  amount  of  SP-1  probe  used  in  these  gel 
shift  assays  was  not  limited  (Fig.  22a  through  e) .  In  addition,  no  differences  in 
binding  to  NFAT-,  USF-,  and  URS-specific  probes  between  22F6  and  133  cells  were 
observed  (data  not  shown) .  These  data  suggest  that  Nef  specifically  inhibited  the 
induction  of  NF-kB  activity. 

Tb  further  demonstrate  Nef 's  suppressive  effect  on  NF-kB  recruitment,  22F6 
cells  were  transiently  transfected  with  ENA  plasmids  expressing  Nef  from  the  SV40 
early  promoter,  pSVF/N,  or  the  cytomegalovirus  immediate-early  promoter,  pCMVF/N. 
or  with  plasmids  containing  frameshift  nutations  in  the  nef  gene  (pSVF/N  and 
pCMVF/Nfs,  respectively) .  Nuclear  extract  preparation  and  ENA  binding  reactions 
were  as  described  above.  22F6  cells  (2  x  lCr)  (Fig.  23a)  were  transfected  with  30 
ug  of  the  indicated  plasmid  ENA  by  using  DEAE-dextran.  Briefly,  cells  (107)  were 
incubated  with  plasmid  ENA  suspended  in  a  solution  containing  10  ml  of  serum-free 
REMI  1640,  0.25  M  Tris,  pH  7.3,  and  125  ug  of  DEAE-dextran  (Sigma)  per  ml  at  37°C 
for  40  min.  Following  centrifugation  at  2,000  x  g  far  7  min.,  the  cells  were 
maintained  in  growth  medium  for  60  h  prior  to  stimulation  and  cell  harvesting. 
Plasmid  pSVF/N  is  similar  to  plasmid  pSVF,  except  that  HIV-1  nucleotides  8994-9213 
(indlcuing  the  NF-kB  recognition  sites)  and  3'  flanking  cellular  sequences  were 
deleted.  Plasmid  pSVF/N  was  digested  at  the  unique  Bgl  II  site  at  codon  88  of  the 
nef  gene,  the  sticky  ends  were  filled  in  with  the  Klenow  fragment  of  ENA  polymerase 
I,  and  the  plasmid  was  religated  with  T4  ENA  ligase.  This  plasmid  was  called 
pSVF/Nfs  to  indicate  the  introduction  of  a  frameshift  in  the  nef  gene.  The  Bam  HI 
fragment  from  pSVF/N  and  pSVF/Nfs,  which  includes  the  entire  length  of  the  HIV-1 
sequences  present  in  these  clones  was  inserted  into  the  vector  pCB6  in  the  correct 
and  incorrect  orientation  with  respect  to  the  cytomegalovirus  iumediate-early 
promoter  to  generate  pCMVF/N  and  pCJfi/F/Nfs,  respectively.  Oells  transfected  with 
plasmids  pSVF/N  and  pCMVF/N  express  Nef  protein,  but  cells  transfected  with  pSVF/Nfs 
and  pCMVF/Nfs  do  not,  as  determined  by  Western  blot  and  imruncprecipitaticn  analysis 
(data  not  shown) .  Transfection  efficiency  was  determined  by  cotransfecticn  with  2 
ug  of  pSV2-GAT.  Chloraiiphenicol  acetyl  transferase  (CAT)  activity  (reported  as  the 
percent  conversion  to  aoetylated  products)  was  determined  as  described  below,  and 
the  values  far  the  pSVF/N  fs-0-,  pSVF/N  fs-4-,  pSVF/N-4-,  pCMVF/N  fs-4-,  and 
pCMVF/N-4 -transfected  cells  were  51,  60,  61,  58,  and  61%,  respectively.  A  USF- 
specific  ENA  probe  (oarrespending  to  nucleotides  -159  to  -173  of  the  HIV-1  long 
terminal  repeat,  GOOGCCVXATITCATCACGra  was  used  as  a  control  for  the 
specificity  of  Nef  effects  and  extract  integrity.  Ioncmycin  (Sigma)  (Fig.  22b)  was 
used  at  a  concentration  of  2  uM.  Anti-p50,  anti-p65,  anti-v-rel  and  prebleed  sera 
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(Fig.  23c)  vrere  kindly  provided  by  Mark  Harmik  (University  of  Missouri,  Columbia, 
Mo) .  Because  the  gels  in  Fig.  23a  and  b  and  Fig.  22  were  run  far  a  shorter  length 
of  time,  the  two  bands  indicated  in  Fig.  23c  appear  as  cne  band  in  Fig.  23a  and  b, 
and  Fig.  22. 


FIG.  3.  Gel  shift  analysis  of  nuclear  extracts  prepared  from  22F6 
cells  (a)  transiently  transfected  with  the  indicated  DNA  plasmids 
that  were  not  stimulated  (0)  or  were  stimulated  for  4  h  (4)  with 
PHA-P  and  PMA  and  22F6  and  133  cells  (b)  stimulated  for  4  h  with 
PHA-P  (H),  PMA  (M),  or  ionomycin  (I)  ( 2  |iM)  or  combinations  of 
any  two  mitogens.  N,  U,  S,  and  P,  NF-KB-specific  binding,  USF- 
specific  binding,  SP-l-specific  binding,  and  free  probe,  respectively, 
(c)  Nuclear  extract  22F6  H+M  from  pane'  b  was  preincubated  with 
the  specified  antiserum  for  15  min  before  the  NF-kB  DNA  probe 
was  added.  NF-kB  p65-p50  heterodimer-  and  p50-p50  homodimer- 
DNA  complexes  and  supershifted  heterodimer-  and  homodimer- 
DNA-antibody  complexes  are  indicated  at  the  right.  Data  represent 
at  least  three  independent  experiments. 


Fig  23. 

NF-kB  induction  was  consistently  inhibited  at  least  two-fold  in  cells 
transfected  with  either  pSVF/N  or  pCMVF/N  carpared  with  cells  transfected  with  their 
nef  mutant  counterparts  (Fig.  23a) .  Transfection  efficiencies  in  these  experiments 
were  determined  by  cotransfecting  cells  with  the  pSV2-CAT  plasmid  and  measuring  CAT 
activity.  No  significant  differences  in  transfection  efficiency  between  the  nef- 
expressing  and  the  nef  mutant  plasmids  were  observed  (Fig.  23a) .  The  suppressive 
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effect  of  Nef  in  these  transiently  transfected  cells  was  not  as  dramatic  as  the 
effects  observed  in  the  stably  transfected  and  transduced  cells.  The  more  subtle 
effect  of  Nef  in  this  experiment  nay  be  due  to  the  expression  of  a  nef  allele  which 
was  derived  from  an  HIV-1  isolate  distinct  from  either  the  NL43  or  the  SF2  isolates. 
In  addition,  cells  which  did  not  receive  the  nef  expression  plasmid  during  the 
transient-transfection  process  were  not  eliminated  (by  antibiotic  selection)  from 
the  total  cell  population. 

Tb  explore  the  relative  contributions  of  individual  mitogens  to  the  recruitment 
of  Nef-inhibitible  oarplexes,  cells  were  stimulated  with  either  EHA,  IMA,  or 
icncmycin  alone,  or  in  combination.  The  maximal  induction  of  NF-kB  activity 
occurred  when  FHA  was  combined  with  FMA  (Fig.  23b) .  This  result  coupled  with  the 
observation  that  FHA  mimics  the  effects  of  the  natural  ligand  far  the  T-aell 
receptor  (TOR)  complex  suggests  that  Nef  may  inhibit  signal  transduction  emanating 
from  the  TCR  complex.  The  addition  of  the  Cai2+  icnophore,  icncmycin,  when  copied 
with  FMA  treatment  partially  substituted  for  the  absence  of  FHA  with  respect  to  NF- 
kB  induction  (Fig.  22b) .  However,  icncmycin  treatment  did  not  significantly  reduce 
Nef 's  inhibitory  effects,  suggesting  that  events  other  than  Ca?+  mobilization  may 
be  disrupted  by  Nef.  Using  antibodies  against  the  p50  and  p65  NF-kB  subunits,  we 
found  that  Nef-inhibitible  complexes  included  both  p50-p50  hcmodimers  and  p50-p65- 
heterodirners  (Fig.  23c) . 

Tb  determine  whether  Nef -mediated  inhibition  of  NF-kB  binding  activity 
correlated  with  a  decrease  in  transcriptional  activity,  cells  were  transfected  with 
ENA  plasmids  by  using  the  HIV-1  long  terminal  repeat  to  direct  expression  of  a 
heterologous  gene  product,  CAT.  Jurkat  cells  were  transfected,  as  described  above, 
with  15  ug  of  the  CAT  constructs  indicated  in  Fig.  24.  Following  tranfecticn,  the 
cells  were  maintained  in  growth  medium  for  24  h.  Cells  were  or  were  not  treated 
with  FHA-P  (13  ug/ml)  and  IMA  (75  ng/ml)  and  incubated  for  an  additional  18  h.  Cell 
extracts  were  prepared,  and  CAT  activity  was  assessed  by  standard  methods.  Extract 
equivalent  to  3  x  lrf  cells  was  used  far  each  18  h  reaction.  CAT  activity  was  in 
the  linear  range  of  analysis  with  respect  to  extract  amount  and  incubation  time 
(data  not  shown) .  CAT  assays  were  normalized  to  a  ncninducible  control  plasmid, 
RSV-CAT  (2  ug) ,  which  was  transfected  in  parallel  with  the  HIV-l-CAT  plasmids  as 
described  above.  Assays  were  also  normalized  to  protein  ocnoentrations  as 
determined  by  Bradford  reagent  analysis  (Biorad) .  The  amount  of  CAT  activity  was 
quantitated  by  excising  the  spots  corresponding  to  the  unacetylated  and  aoetylated 
forms  of  14C-chloranphenicx>l  and  measuring  radioactivity  in  a  liquid  scintillation 
counter.  CAT  activity  is  expressed  as  the  percent  of  radioactivity  in  the 
aoetylated  farms  catpared  with  the  sum  of  that  of  the  aoetylated  and  unacetylated 
forms.  The  wild-type  HIV-l-CAT  (CD12-CAT)  was  derived  by  a  small  deletion  in  the 
nef  coding  sequence  upstream  of  the  long  terminal  repeat  start  site  of  clone  Cl  5- 
CAT) ,  mutant  NF-kB  KEV-CAT  and  IL-2-CAT  plasmids  were  generously  provided  by  Steven 
Jospehs,  Gary  Nabel,  and  Gerald  Crabtree,  respectively.  DeltaNRE-HTV-l-CAT  was 
generated  by  excising  the  Ava  I-Ava  I  fragment  from  HIV-l-CAT  and  therefore  lacks 
the  negative  regulatory  element  sequences  present  in  HIV-l-CAT. 
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FIG.  4.  CAT  assays  of  extracts  from  cells  transiently  transfected 
with  HIV-l-CAT  and  IL-2-CAT  DNA  plasmids.  J25  (a)  and  Jurkat 
E6-1  (b)  cells  were  transfected  with  the  CAT  constructs  as  indicated 
above  each  panel.  Cells  were  not  induced  (-)  or  were  induced  (  +  ) 
with  PHA  and  PMA.  CAT  activity  was  determined  by  conversion  of 
unacetylated  [,4C]chloramphenicol  (CM)  to  monoacetylated  forms 
(AC).  These  data  represent  at  least  three  independent  experiments. 
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CAT  activity  correlated  well  with  CtiA-binding  activity  in  that  133  cells 
ertiibited  a  capacity  to  induce  CAT  activity  that  was  fivefold  less  than  that  of  22F6 
cells  (Fig.  24a) .  Similarly,  CAT  activity  induction  was  suppressed  twofold  in  the 
Jurkat/InefSN  cel  ls  ocrpared  with  that  in  the  Jurkat/LfenSN  cells  (Fig.  24b) .  This 
inhibition  was  demonstrated  with  both  wild  type  HTV-l-CAT  and  the  negative 
regulatory  element  deletion  clone,  deltaNRE-HIV-l-CAT,  which  lacks  nucleotides  -453 
to  -156  of  the  HIV-1  long  terminal  repeat  (Fig.  24a  and  b) .  This  result  suggests 
that  negative  regulatory  element  sequences  are  not  primary  targets  of  Nef  regulation 
in  stimulated  T  cells.  An  HIV-l-CAT  plasmid  containing  nutated  NF-kB  sequences  was 
induced,  at  most,  only  twofold  above  basal  levels,  and  induction  was  independent  of 
cell  type  and  Nef  expression  (Fig.  24a  and  b) . 

The  importance  of  NF-kB  with  respect  to  the  induction  of  Ur-2  by  T-oell 
mitogens  was  demonstrated  by  Hoyos  and  colleagues.  These  authors  showed  that  the 
induction  of  CAT  activity  was  prevented  up  to  80%  with  IL-2-CAT  cxnstructs  bearing 
mutations  in  the  NF-kB  site  ocrpared  with  that  of  IL-2-CAT  constructs  containing 
wild-type  NF-kB  recognition  sequences.  As  previously  reported,  we  found  that  Nef 
profoundly  suppressed  the  induction  of  CAT  activity  directed  by  the  IL-2-CAT  plasmid 
in  the  133  cells  (Fig.  24a) .  Where  there  was  a  50-  to  60-fold  induction  of  CAT 
activity  in  the  22F6  cells,  there  was  only  a  2-  to  3-fold  induction  in  the  133  cells 
(Fig.  24a) .  Although  NF-kB  appears  to  play  an  important  role  in  Ur-2  induction,  it 
is  possible  that  Nef  blocks  other  factors  in  addition  to  NF-kB  which  may  be  required 
for  the  efficient  induction  of  IL-2  qene  expression.  This  possibility  may  explain 
the  dramatic  suppressive  effect  of  Nef  on  IL-2  induction  ocrpared  with  the  results 
of  Hoyos  and  colleagues.  CAT  activity  generated  by  the  H/-2-CAT  construct  was 
induced  to  a  much  lower  extent  in  the  Jurkat  E6-1  cells.  This  result  is  likely  due 
to  differences  that  exist  between  Jurkat  E6-1  and  J25  cells.  Despite  the  lew  level 
of  induction  of  the  IL-2  promoter  in  the  Jurkat  E6-1  cells,  CAT  activity  was  higher 
in  the  Jurkat/LfenSN  cells  than  in  the  Jurkat/LnefSN  cells  (Fig.  24b) .  Nef  did  not 
affect  CAT  activity  driven  by  the  SV40  early  promoter  or  the  promoters  from  Reus 
sarcoma  virus,  the  cytomegalovirus,  car  the  Mascn-Pfizer  monkey  virus,  indicating 
that  Nef  specifically  suppressed  the  HIV-1  and  IL-2  promoters  (data  not  shewn) .  The 
Jurkat  E6-1  cells  were  transfected  with  equivalent  efficiency;  however,  the  Nef- 
expressing  133  cells  were  more  easily  transfected  than  ware  the  control  cells  (22F6 
cells) .  Therefore,  CAT  activity  generated  by  an  RSV-CAT  plasmid  that  was 
transfected  in  parallel  was  used  to  assess  the  transfection  efficiency  and  to 
normalize  the  CAT  activity  derived  from  the  HIV-l-CAT  and  IL-2-CAT  constructs. 

The  observation  that  Nef  prevents  IL-2  induction  (Fig.  22a) ,  coupled  with  the 
demonstrations  that  IL-2  induction  requires  CD4  and  p56*  and  NF-kB  recruitment, 
provides  additional  evidence  to  suggest  that  Nef  uncouples  signals  originating  from 
the  TCR.  Furthermore,  the  TCR  complex  induces  NF-kB  activity  after  treatment  with 
antibodies  to  either  CD2  or  CD3.  Nef  inhibits  the  induction  of  IL-2  by  both  of 
these  stimuli. 

Interestingly,  Nef  has  been  reported  to  down-mcdulate  the  surface  expression 
of  CD4.  Although  Nef  did  not  affect  the  rate  of  CD4  transcription  or  translation, 
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the  mechanism  by  which  Nef  mediates  the  dcwn-modulaticn  of  CD4  at  the  cell  surface 
remains  unclear.  The  connection  between  Nef -media  ted  negative  effects  cn  CD4  cell 
surface  expression  and  HIV-1  and  IL-2  regulation  has  not  yet  been  established. 

Previously,  we  and  others  reported  that  HIV-1  Nef  mediated  HIV-1 
transcriptional  suppression.  Some  investigators  ware  unable  to  ocnfixm  this  effect; 
however,  differences  in  experimental  approaches  may  explain  the  apparent 
discrepancy.  For  the  first  time,  the  data  presented  here  suggest  that  the  primary 
underlying  event  in  Nef -mediated  transcriptional  repression  in  activated  T  cells  is 
the  inhibition  of  induction  of  NF-W3  activity.  In  vivo,  this  suppression  may  limit 
the  production  and  cell  surface  expression  of  viral  gene  products  in  infected  dels, 
thereby  allowing  the  cells  to  evade  clearance  by  the  cellular  and  humoral  arms  of 
the  imtune  response.  This  model  far  Nef -mediated  viral  persistence  in  vivo  may  be 
consistent  with  the  results  of  Kestler  and  colleagues  which  demonstrated  that  the 
presence  of  an  intact  nef  gene  was  required  to  prolong  SIV  infection  and  induce 
pathogenesis  in  infected  macaques.  Furthermore,  w*e  and  others  demonstrated  that  SIV 
Nef  inhibited  SIV  replication  in  vitro  in  a  way  that  was  analogous  to  the  way  in 
which  HIV-1  Nef  inhibited  HIV-1.  It  is  possible  that  high-level  Nef  expression 
early  after  infection  is  sufficient  to  maintain  HTV-1  in  a  relatively  latent  state, 
which  may  be  critical  for  establishing  a  reservoir  of  HIV-1  infected  cells  and  the 
eventual  development  of  AIDS. 

We  also  explored  gel  retarded  ocnplexes  using  a  32P-oligcrucleotide 
corresponding  to  the  HIV-1  AP-1  ENA  recognition  site.  In  the  parental  22F6  JUricat 
cells,  an  induced  AP-l/ENA  ocnplex  which  was  not  present  in  unstiirulated  cells,  was 
detected  between  1  and  2  hr  poststinulaticn  and  was  abundant  4  hrs  port-stimulaticr. . 
In  contrast,  the  recruitment  of  the  same  AP-l/ENA  couple*  was  inhibited  5-fold  at 
2  hr  and  9-fold  at  4  hr  in  the  Nef  expressing  133  cells  oatpared  to  the  22F6  cells 
(Fig.  25) .  Addition  of  100-fold  molar  excess  of  unlabeled  AP-1  specific 
oligorucleotide  inhibited  the  appearance  of  the  major  inducible  ocnplex  (Fig.  25) . 
However,  an  oligonucleotide  with  three  nucleotide  substitutions  in  the  AP-1 
recognition  site  did  not  ccnpete  away  the  inducible  ocnplex,  and  we  included  a  100- 
fold  excess  of  the  unlabeled  irritant  AP-1  oligonucleotide  in  all  binding  reactions 
as  a  non-specific  inhibitor. 

The  presence  of  the  constitutive  AP-l/DNA  ocrrplex  (the  slowest  migrating 
ocnplex  in  Fig.  25)  was  minimially  if  at  all,  affected  by  Nef  and  may  be  due  to  the 
constant  presence  of  serum  in  the  cell  growth  media.  Moreover,  this  ocnplex  was  not 
inducible  (Fig.  25b) .  In  addition,  the  ocnstitutively  active  transcription  factor 
SP-1  was  not  affected  by  the  presence  or  absence  of  Nef,  and  was  used  as  a  control 
far  extract  quality  (Fig.  25) .  Therefore,  Nef  inhibited  the  inducible  AP-l/ENA 
complexes,  specifically. 
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Fig.  1 .  Gel  shift  analysis  of  AP-1  DNA  binding  activity  in  extracts  prepared  from  Jurkat  25  cells.  Cells  were  stimulated  with  PHA-P  (1 3  /»g/ml. 
[SIGMA])  and  PMA  (75  ng/ml.  Sigma)  for  0.  40.  80.  120.  or  240  min.  Oligonucleotide  probes  used  for  binding  are  specified  on  the  top  of  each 
panel .  A  indicates  the  inoucible  AP- 1  /DNA  complexes .  S  and  P  represent  SP- 1  -specific  binding  and  free  probe,  respectively.  SP- 1  binding  served 
as  a  control  for  extract  quality  and  specificity  of  Nef-mediated  effects.  Cold  indicates  that  1 00-fold  molar  excess  of  unlabeled  DNA  was  added  for 
competition.  Methods:  Cells  were  maintained  in  logarithmic  growth  in  RPMI  1 640  medium  supplemented  with  1 0%  fetal  calf  serum  and  2  m M 
glutamine.  Nuclear  extracts  were  prepared  from  5  x  107  cells  using  a  modified  version  of  the  method  of  Dignam  er  a/.  (36)  as  adapted  by 
Montminy  and  Bilezikjian  (37).  Following  ammonium  sulfate  precipitation,  nuclear  proteins  were  resuspended  in  100  *tl  of  20  mW  HEPES  (pH 
7.9),  20  m M  KCt,  1  m M  MgCI2,  2  mM  DTT,  and  17%  glycerol  (38)  with  the  addition  of  10  m M  NaF.  0.1  mW  sodium  vanadate,  and  50  m M 
6-glycerol-phosphate.  Binding  reactions  contained  2  #il  (2  jig)  of  nuclear  extract.  2  n g  poly(dl-dC)  (Pharmacia),  1 00-fold  molar  excess  of  unlabeled 
intragenic  AP-1  mutant  oligonucleotide  (GATCTCAAAGCGGATATCAGCTGGTTAATCAAATAAT),  and  20-40.000  cpm  of  end-labeled  oligonu¬ 
cleotide  probe,  in  DNA  binding  buffer  (39),  in  a  final  volume  of  22  pi.  Reactions  were  performed  at  30°  for  30  min.  immediately  loaded  onto  a  4.5% 
polyacrylamide  gel  using  0.5X  TBE.  and  run  at  200  V.  Oligonucleotides  used  were  as  follows:  AP-1 ,  CAGGGCCAGGAGTCAGATATCCACTGA- 
CC I  I  I GGATGGTGCT;  SP-1 ,  CAGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGCGTCC.  A  If  DNA  probes  were  gel  purified  and  end-labeled 
with  [-y-32P]ATP.  The  intensity  of  indicated  bands  was  determined  by  laser  densitometry  scanning.  There  was  a  linear  relationship  between  the 
amount  of  extract  used  and  the  DNA  binding  activity.  Nuclear  extract  preparations  and  binding  reactions  were  repeated  on  three  separate 
occasions  with  similar  results. 


Pig  25. 

Gel  shift  analysis  with  extracts  prepared  fran  stiirulated  and  unstinulated  HPB- 
ALL  cells  afforded  results  similar  to  those  obtained  with  the  Jurkat  cells  (Fig. 
26).  However,  in  contrast  to  the  Jurkat  cells,  the  mitogen-inducible  AP-1 /DNA 
complexes  were  present  in  unstiirulated  cells  as  well  as  the  stimulated  cells. 
Whereas  the  stiirulatable  AP-l/ENA  ccrplexes  in  the  HPB-ALL/LfenSN  cells  wexe  irduced 
approximately  5-fold  after  4  hrs  of  FHA  and  FMA  treatment,  there  was  no  significant 
induction  of  these  ccrplexes  in  the  HFB-ALL/InefSNSl  cells  (Fig.  26).  In  this 
experiment,  the  amount  of  AP-1  activity  in  the  unstiirulated  HPB-ALL/LfenSN  npiis  was 
lower  than  the  HP&-ALL/LnefSNSl  cells,  however,  this  was  not  a  consistent  finding. 
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In  this  experiment,  we  included  another  Net  ncn-respcnsive  transcripticn  factor,  U5F 
to  demosntrate  the  specificity  of  Nef  action  and  the  integrity  of  the  extract.  The 
apparent  difference  in  migration  of  the  major  inducible  AP-l/EMA  cctrplexes  between 
the  HPB-ALL  and  the  Jurkat  cells  probably  reflects  differences  that  exist  between 
the  different  T-aell  lines. 


Fig.  2.  Gel  shift  analysis  of  nuclear  extracts  prepared  from  HPB-ALL  cells  that  were  not  stimulated  (-)  or  were  stimulated  with  (+)  with  PHA  ( 1 3 
^g/mi)  and  PMA  (75  ng/ml)  for  4  hr.  The  labeled  oligonucleotide  probe  used  is  indicated  above  each  panel.  The  A's  indicate  inducible  AP-1/DNA 
complexes  and  P  represents  free  probe.  Methods:  Nuclear  extract  preparations  and  DNA-bindmg  reactions  were  performed  as  described  in  Fig 
t  For  the  USF  probe,  we  used  an  oligonucleotide  corresponding  to  nucleotides  - 1 59  to  - 1 73  of  the  HIV- 1  LTR  (40).  GCCGCTAGCATTTCATCA 
CGTGGCCCGAGAGCT GC .  Experiments  were  repeated  three  times  with  similar  results. 


Fig  26. 
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Previous  studies  indicated  that  c-fos  expression  is  induced  by  FHA,  the  calcium 
icnophore  A23187,  and  FMA.  In  order  to  determine  the  signalling  pathway  required 
to  induce  AP-1  ENA  binding  activity,  we  assessed  the  role  of  FHA,  FMA,  and  the 
calcium  icnophore,  icncrnycin,  alcne  or  in  ccmbinaticn  (Fig.  27a) .  Interestingly, 
the  induction  of  AP-1  activity  was  maximal  with  FHA  treatment  alcne  and  addition  of 
FMA  did  not  significantly  increase  AP-1 /ENA  ocnplex  formation.  The  level  of 
inducible  AP-1  activity  was  18-fold  higher  in  the  22F6  cells  ocnpared  to  the  Nef 
expressing  133  cells  with  EHA  alone  (Fig.  27a) .  IMA  alcne  only  slightly  induced  AP- 
1  activity  in  the  22F6  cells,  however,  no  detectable  AP-1  activity  was  observed  in 
the  133  cells  treated  with  EMA  alcne  (Fig.  27a) .  Iononycin  alone  was  not  sufficient 
to  elicit  AP-1  recruitment  in  either  cell  line  (Fig.  27a) . 

T-cell  activation  is  mediated  by  increased  Ca2+  influx  and  FK C  activation  which 
both  occur  as  a  consequence  of  phospholipase-C  activation  by  the  T-cell  receptor 
(TOR)  ocnplex.  Treatment  of  the  Juricat  cells  with  a  combination  of  icnanycin  and 
IMA,  which  both  bypass  the  TCR  cxmplex,  led  to  significant  indention  of  AP-1 
activity,  albeit  2.5-fold  less  efficiently  than  FHA  alcne.  Whereas  there  was  an  18- 
fold  higher  level  of  induced  AP-1  ENA-binding  activity  in  the  22F6  cells  ocnpared 
to  the  133  cells  using  FHA  alcne,  there  was  only  a  3-fold  difference  using  the 
oembination  of  icnanycin  and  IMA.  Since  FHA  mimics  the  normal  activati-ti  signal 
(i.e.  antigen  binding  to  TOR)  of  T  cells,  it  appeared  that  Nef  exerted  its  effects 
primarily  (although  not  exclusively)  on  TCR  initiated  signalling,  as  has  been 
suggested  previously. 

To  determine  whether  the  induction  of  AP-1  activity  required  the  activation  of 
pre-existing  oerplexes  or  new  protein  synthesis,  cyclcheximide  was  added  30  min. 
before  mitogen  treatment.  That  cyclcheximide  treatment  inhibited  the  recruitment 
of  AP-1  activity,  suggests  that  de  novo  protein  sysntbesis  must  be  involved  (Fig. 
27b) .  This  result  was  consistent  with  the  observation  that  two  hours  of  stimulation 
were  required  before  significant  induction  of  AP-1  ENA  binding  activity  (Fig.  25) . 

To  identify  the  polypeptides  present  in  the  inducible  AP-1  ocnplex,  we 
incubated  nuclear  extracts  derived  from  the  22F6  cells  with  anti-c-Fos  and  anti-c- 
Jun  antibodies,  prior  to  the  addition  of  labeled  oligonucleotides  (Fig.  27c) . 
Antisera  to  both  c-Fos  and  c-Jun  inhibited  ocnplex  formation  approximately  3-fold, 
suggesting  the  presence  of  c-Pos  and  c-Jun  in  the  ocnplex.  However,  these 
antibodies  did  not  cause  a  super-shift,  presumably  because  antibody  binding  to  c-Pos 
and  c-Jun  caused  conformational  changes  which  are  not  permissive  far  ENA  binding 
activity.  In  these  experiments,  normal  rabbit  serum  and  anti-Nef  antibodies  were 
used  as  negative  controls. 

Previous  studies  indicated  that  the  binding  of  AP-1  to  the  HTV-1-LTR  AP-1 
recognition  sites  play  little,  if  any,  role  in  affecting  transcriptional  activity. 
Zeichner  and  cowufKers  generated  several  HIV-l-IHR-CAT  linker-scanning  mutants  in 
the  region  of  the  AP-1  recognition  sites  and  transfected  the  mutant  plasmids  into 
Jurkat  cells.  There  were  no  significant  differences  in  CAT  activity  between  the 
wdld-type  mv-l-IHR-CAT  plasmid  and  the  AP-1  mutant  plasmids  in  cells  that  were  or 
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v^re  not  stimulated  with  fflA  and  FMA. 


Fig.  3.  (a)  Gel  shift  analysis  ol  nuclear  extracts  prepared  from  Jurkat  25  22F6  and  1 33  cells  stimulated  for  4  hr  with  either  PHA-P  (H).  PMA  (M). 
or  lonnmycin,  2  »M  (Sigma),  (I),  or  combinations  of  any  two  mitogens.  A,  S.  and  P  indicate  AP- 1  -specific  binding,  SP- 1  -specific  binding,  and  free 
Fig  probe,  respectively,  (b)  Jurkat  22F6  cells  were  (+ )  or  were  not  treated  (-)  with  cycloheximide  (20  *ig/ml.  Sigma)  tor  30  mm  prior  to  stimulation  for  4 

27  hi  with  PHA  P  and  PMA  The  labeled  oligonucleotide  used  is  indicated  on  the  side  of  each  panel  Ac.  A,.  (JSF.  and  n  s  indicate  constitutive 

"  AP  t/DNA  complex,  inducible  AP  1/DNA  complex.  USF-spectfic  complex,  and  not  specific,  respectively  The  "cold  DNA"  indicates  that  100 
fold  molar  excess  of  unlabeled  oligonucleotide  (the  same  oligonucleotide  used  as  the  probe)  was  used  as  a  non  specific  competitor  (c)  Nuclear 
extracts  from  1 33  cells  (lanes  1 ,  7,  8)  or  22F6  cells  (lanes  2-6.  8)  wore  premeubated  with  4  n\  of  the  specified  antisera  for  30  min  before  the  AP  1 
DMA  probe  was  added  The  total  volume  of  the  binding  reaction  was  50  pi,  and  this  entire  volume  was  applied  to  the  gel  Methods  Nuclear 
extract  preparations  and  DNA  binding  reactions  were  described  in  Fig.  I .  Anti  c  Fes  and  anti  o  lun  antibodies  were  i  Darned  from  Tom  Curran 
t Roc he  Institute)  The  anti  Nef  sera  was  from  a  rabbit  and  was  used  as  a  negative  control  antibody 
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However,  the  intragenic  AP-1  recognition  sites  were  capable  of  mediating 
transcriptional  activation  following  phcrbol  ester  treatment.  Therefore,  we  cloned 
a  synthetic  oligonucleotide,  canespending  to  the  two  adjacent  AP-1  sites  with  the 
pol  gene,  or  an  oligonucleotide  which  contained  three  nucleotide  substitutions  in 
these  AP-1  consensus  sites,  into  the  polylinker  of  the  enhancer-less  pCAT  promoter 
plasmid  (Promega) .  These  plasmids  were  called  pCAT-IG-APl  and  pCAT-MIG-APl, 
respectively.  The  pCAT  promoter  construct,  in  the  absence  of  the  AP-1  sites, 
contains  the  SV40  core  promoter,  afforded  law  basal  chlaraitpheiool  aoetyltransferse 
(CAT)  activity  in  T-cells,  and  was  not  inducible  in  T-cells  following  treatment  with 
T-oell  mitogens  (data  not  shown) . 

The  pCAT-IG-APl  and  pCAT-MIG-APl  constructs  were  transiently  transfected  into 
the  Jurkat  22F6  and  133  cells,  as  well  as  Jurkat  25  clone  22D8  cells.  The  22D8 
cells  represent  a  distinct  clonal  cell  line  which,  like  the  133  cells,  also  stably 
express  the  nef  gene  from  HIV-1  isolate  NL43.  Transiently  transfected  cells  were 
either  not  stimulated  or  were  stimulated  with  PHA  and  IMA  far  18  hr  and  CAT  activity 
was  then  measured.  CAT  activity  in  transfected  cells  was  relatively  low,  between 
1-3%  conversion  to  aoetylated  products.  However,  we  found  an  average  fold  induction 
in  CAT  activity  of  3.6  +  0.4  in  the  22F6  cells  transfected  with  the  pCAT-IG-APl 
plasmid,  oerpared  to  an  average  fold  induction  of  1.4  ±  0.2  in  the  133  cells  and  no 
induction  in  the  22D8  cells  (Fig.  28) .  Transfection  efficiencies  were  higher  in  the 
Nef  expressing  cells  and  were  determined  by  parallel  transfection  with  ncn-Nef 
responsive  promoters  including  Rous  sarcoma  virus-CAT,  cytcmegalovirus-CAT,  and 
simian  polyoma  virus  40-CAT  (data  not  shown) .  These  determinations  were 
statistically  significant,  with  95%  confidence  intervals,  with  respect  to  fold- 
induction,  of  2. 8-4. 4  far  the  22F6  cells  and  the  133  and  22D8  cells  is  1  in  1000. 
CAT  activity  was  not  induced  in  cells  transfected  with  the  pCAT-MIG-APl  construct, 
indicating  that  the  integrity  of  the  AP-1  site  in  the  inserted  oligonucleotide  was 
essential.  Thus,  Nef -mediated  inhibition  of  AP-1  ENA-binding  activity  prevented  AP¬ 
I-mediated  transcriptional  activation. 

What  role  AP-1  plays  with  respect  to  HIV-1  regulation  is  unclear.  Nef  could 
inhibit  AP-l-mediatad  activation  of  HIV-1  directly,  by  preventing  the  interaction 
of  AP-1  with  the  intragenic  enhancer  in  the  pol  gene.  In  addition,  by  inhibiting 
AP-1  induction  during  T-oell  activation,  Nef  may  affect  the  regulation  of  AP-1 
activated  cellular  genes.  Effects  on  such  cellular  genes  may  alter  the  cellular 
environment,  positively  or  negatively,  which  nay  indirectly  affect  HIV-1 
replication.  Far  example,  the  finding  that  c-Fos  and  c-Jun  are  early  response 
mediators  of  T-oell  activation,  coupled  with  the  observation  that  HIV-1  cannot 
replicate  in  resting,  unactivated  T-cells,  presents  a  scenario  far  indirect  effects 
of  Nef  on  HIV-1  expression. 

In  addition  to  mediating  the  suppression  of  AP-1  induction,  we  found  that  Nef 
also  inhibited  the  mitogen-mediared  induction  of  NF-kB.  NF-kB,  like  AP-1,  is  an 
early  response  effector  of  T-aell  activation  and  has  been  shown  to  be  an  inportant 
activation  of  HIV-1  replication  in  stimulated  T-cells.  Thus,  Nef  mediated 
inhibition  of  recruitment  of  both  AP-1  and  NF-kB  may  intensity  the  negative  effects 
on  HIV-1  replication  in  T-cells.  By  inhibiting  virus  replciaticn  directly,  and/or 
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by  blocking  T-oell  activaticn,  Nef  may  provide  a  reservoir  of  persistnetly  infected 
cells  which  may  ultimately  ocntribute  to  HIV-1  clinical  latency,  HIV-1  mediated  T- 
oell  depletion,  and  AIDS. 


Fig  28. 
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Fig.  4.  Chloramphenicol  acetyltranferase  (CAT)  assays  extracts 
prepared  from  lurkat  25  cells  transfected  with  the  pCAT-IG-AP  1  and 
pCAT-MIG-APi  plasmids.  The  data  are  presented  as  the  mean  ratio 
of  the  level  of  CAT  activity  present  in  cells  stimulated  for  1 8  hr  with 
PHA-P  and  PMA  compared  to  the  level  present  in  unstimulated  cells. 
The  error  bars  represent  the  standard  deviation  '  f  me  mean.  Meth¬ 
ods:  Jurkat  cells  were  transfected  with  40  ng  of  ..  is  Indicated  plasmid 
using  DEAE-dextran.  Briefly.  107  cells  were  incubated  with  plasmid 
DNA  suspended  in  1 0  ml  of  serum-free  RPMI  1640,  0.25  A4Tris(pH 
7.3).  and  1 25  jig/ml  DEAE-dextran  (Sigma)  at  37°  for  40  min.  Follow¬ 
ing  centrifugation  at  2000  g  for  7  min,  cells  were  maintained  in 
growth  media  containing  10%  fetal  calf  serum  for  24  hr.  Cells  were 
or  were  not  treated  with  PHA-P  (13  n g/ml)  and  PMA  (75  ng/ml)  and 
incubated  an  additional  18-24  hr.  Cell  extracts  were  prepared  and 
CAT  activity  was  measured  by  standard  methods  (4  ?).  Extract  equiv¬ 
alent  to  3  x  106  cells,  as  determined  by  Bradford  reagent  analysis 
(Bio-Rad),  was  used  for  each  1 8-hr  reaction.  CAT  activity  was  in  the 
linear  range  of  analysis  with  respect  to  extract  amount  and  incuba¬ 
tion  time  The  amount  of  CAT  activity  was  quantitated  by  excising 
the  spots  corresponding  to  the  unacetylated  and  acetylated  forms  of 
['"Clchloramphenicol  and  measuring  radioactivity  in  a  scintillation 
counter.  The  plasmid  pCAT -IG-AP 1  was  generated  by  cloning  a  dou¬ 
ble-stranded  oligonucleotide  corresponding  to  the  two  adiacent  in¬ 
tragenic  AP-1  recognition  sites  (2)  and  containing  a  Bam  HI  sticky 
end  on  the  5'end.  GAT CT C AAAGT GAAT C AGAGTT AGT C AAT C  AAA- 
TAAT,  and  a  Sa/I  sticky  end  on  the  5'  end  of  the  complementary 
oligonucleotide,  TCGAATTATTTGATTGACTAACCAGCTGAT - 
TCACTTTGA,  into  the  Bam  HI  and  Sal  I  sites  in  the  enhancerless 
pCAT-promoter  plasr.cd  (Promega).  Plasmid  pCAT-MIG-APi  was 
made  in  the  same  wav  except  that  the  AP-1  recognition  sites  in  the 
oligonucleotide  usee  for  cloning  were  disrupted  by  substitutions  at 
the  following,  underlined  positions;  GATCTCAAAGCGGATATCAGC 
TGGTTAATCAAATAAT.  Cells  were  transfected  4  to  6  times  with 
each  plasmid,  a  mean-fold  induction  was  calculated,  and  the  stan 
daid  deviation  of  the  mean  was  determined  The  average-fold  indue 
tion  and  standard  deviations  were  3.6  +  04.14  +  0.2.  and  0  9  ±  0. 1 
for  the  22F6.  133.  and  22D8  cells,  respectively 


Mechanisms  of  Cytotoxicity  of  the  AIDS  Virus 
P.I.:  Lee  Ratner,  M.D.,  Ph.D. 


Contract  No.  EAMD17-90-C-0125 

Basic 


The  mechanism  underlying  Nef's  negative  transcriptional  effects  cn  viral 
transcription  may  be  its  ability  to  inhibit  NF-kB  activity  in  x-oells  and  NF-kB-like 
activity  in  ncn-lyitphoid  oells,  such  as  COS  cells.  This  conclusion  is  based  upon 
results  obtained  from  Jurkat  and  CDS  cells  transfected  with  mv-l-IHR  CAT  constructs 
containing  nutations  in  both  of  the  NF-kB  sites.  Basal  CAT  activity  in  these  cells 
was  significantly  lower  ocrpared  to  oells  transfected  with  constructs  bearing  intact 
NF-kB  sites.  The  effect  of  Nef  cn  the  NF-kB-like  factors  present  in  CDS  oells  may 
be  identified  by  incubating  nuclear  extracts  from  Nef -expressing  and  parental  CDS 
cells  with  an  NF-kB  oHgomcleotida  probe.  In  these  experiments,  we  will  co¬ 
transfect  a  plasmid  expressing  a  chimeric  version  of  NF-kB  fusing  the  p65  and  p50 
subunits.  It  is  expected  that  this  assay  system  will  have  a  low  background,  and 
thus  will  be  amenable  to  a  transient  transfection  assay  for  Nef.  This  will  provide 
a  useful  system  far  analyzing  the  effect  of  various  nutations  in  Nef. 

That  Nef  inhibits  the  recruitment  of  NF-kB  in  response  to  the  T-cell  mitogen, 
FHA,  which  acts  presumably  through  the  T-cell  receptor  (TCR)  ocnplex,  coupled  with 
the  results  of  Luria  and  colleagues,  which  indicate  that  Nef  inhibits  Ur-2  mPNA 
induction,  following  treatment  with  anti-TCR  and  anti-CD3  antibodies  suggests  that 
Nef  inhibits  signals  emanating  from  the  TCR  ocnplex.  However,  since  Nef  also 
inhibits,  although  to  a  less  extent,  NF-kB  and  AP-1  induction  by  IMA  together  with 
icnanycin,  which  bypasss  the  TCR,  Nef  may  also  affect  signalling  that  occurs 
downstream  of  the  TCR  ocnplex  or  through  alternative  pathways. 

TO  evaluate  the  effects  of  Nef  protein  cn  activation  of  transcriptional  factors 
through  protein  kinase  C-independent  mechanisms,  Jurkat  cells  carrying  the  nef  gene 
(133)  and  the  parental  cell  line  (22P6)  were  stimulated  with  either  INF  or  IPS,  and 
the  results  were  compared  with  those  from  stimulation  with  FMA  and  FHA  (Fig  29) . 
A  noninducible  factor,  SP-1  was  used  to  control  for  protein  concentration  and 
quality  of  the  extracts  (Fig  29A) .  TNF  car  IPS  induction  of  NF-kB  (Fig  29B)  and  AP-1 
(Fig.  29C)  was  not  affected  by  the  presence  car  absence  of  Nef  protein  in  133  and 
22F6  cells,  respectively.  In  contrast,  the  level  of  induction  of  both  transcription 
factors  was  decreased  by  6-fold  in  the  case  of  NF-kB  and  by  14-fold  in  the  case  of 
AP-1,  when  the  same  cells  ware  stimulated  with  FMA  and  FHA. 

Similar  results  ware  obtained  when  the  ocrpariscn  was  made  between  the 
stimulation  with  Ur-1  and  that  with  FMA  car  FHA  (Fig  30) .  Noninducible  transcription 
factor  TJSF  was  used  as  a  control  (Fig  3QA) .  NF-kB  (Fig  30B)  and  AP-1  (Fig  30C) 
activation  by  U>  1  was  not  significantly  affected  by  the  presence  or  absence  of  Nef 
protein  in  133  and  22F6  cells,  respectively.  Stimulation  with  IMA  or  FHA  resulted 
in  down  regualticn  of  NF-kB  by  5-fold  and  AP-1  by  15-fold  in  the  presence  of  Nef 
protein  in  this  experiment. 
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FIG.  1.  Effect  of  Nef  protein  on  induction  of  transcriptional  factors  AP-1  and  NF-kB  in  T  cells  stimulated  with  TNF,  LPS,  or  PMA  and  PHA. 
Gel  shift  analysis  shows  induction  of  transcriptional  factors  SP-1,  NF-kB,  and  AP-1  in  Jurkat  T  cells  (22F6  is  the  parental  cell  line,  and  133  is  the 
Nef  protein-expressing  line).  Cells  were  incubated  for  4  h  with  saline  (  - ),  TNF,  LPS,  or  PMA  and  PHA  (P/P).  Retarded  DNA-protein  complexes 
are  shown;  free  DNA  complexes  are  not  shown  but  were  equivalent  in  each  lane.  The  experiments  were  performed  three  times  with  similar  results. 
.  The  relative  intensity  of  the  bands  was  evaluated  by  laser  densitometry. 
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Tto  determine  if  induction  of  NF-kB  and  AP-1  correlated  with  transcriptional 
activity,  cells  were  transfected  with  ENA  plasmids  which  use  the  HIV-1  long  terminal 
repeat  to  direct  expression  of  a  heterologous  gene  product,  CAT.  Cells  were 
stimulated  with  INF  or  IL-1  (Fig  31) .  No  difference  in  acetylation  between  the 
cells  expressing  the  nef  gene,  133,  and  the  parental  cell  line,  22F6,  was  found  when 
both  cell  lines  were  stimulated  with  either  IL-1  or  INF  (Fig  31A) .  Because  Nef 
protein  also  has  been  reported  to  suppress  the  induction  of  CAT  activity  directed 
by  the  IL-2  CAT  plasmid,  both  133  and  22F6  cells  containing  this  plasmid  were 
stimulated  with  INF  car  IL-1  (Fig  3  IB) .  Ihe  results  paralleled  those  obtained  with 
HIV-l-CAT.  Ihese  data  indicate  that  Nef  protein  does  not  affect  the  induction  of 
transcription  factors  by  the  pathway  (s)  of  T-oell  activation  originating  through  INF 
or  Ur-1  receptors. 


A)  30 -! 
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TKi.  3.  CAT  assay  showing  Ills'  clfccl  of  Nef  protein  on  HIV  ansi 
II  -2  transcription.  Jlirkal  T s'ells  (22T6  is  the  parental  cell  line,  ansi  133 
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To  further  evaluate  the  effects  of  Nef  protein  cn  signal  transduction  after  PMA 
or  stimulation,  the  effect  of  addition  of  a  protein  kinase  inhibitor,  H-7  was 
examined  (Fig  32) .  Hie  noninducible  factor  USF  was  used  as  a  control  (Fig  32A) . 
FHA  or  FHA  induction  of  NF-kB  (Fig  32B)  was  10-fold  higher  in  the  22F6  cells  than 
in  the  133  cells.  The  use  of  H-7  resulted  in  a  significant  decrease  in  NF-kB 
induction  in  the  cells  that  did  not  express  Nef  protein.  Similarly,  PMA  and  FHA 
resulted  in  the  induction  of  AP-1  (Fig  32C)  to  a  level  that  was  15  times  higher  in 
the  cells  not  expressing  Nef  protein  than  in  the  cells  expressing  Nef  protein.  H-7 
blocked  the  induction  of  AP-1  in  the  22F6  cells.  In  both  cases,  the  addition  of  H-7 
to  the  Nef  protein-expressing  cells  did  not  cause  any  further  decrease  in  the 
already  low  level  of  expression  of  the  respective  transcription  factors. 


A)USF  B)  NFkB  C) AP-1 


FIG.  4.  Effect  of  Nef  protein  on  induction  of  transcriptional  factors  AP-1  and  NF-kB  in  T  cells  stimulated  with  PMA  and  PHA  in  the  presence 
or  absence  of  H-7.  Gel  shift  analysis  shows  induction  of  transcriptional  factors  USF,  NF-kB.  and  AP-1  Jurkat  T  cells  (22F6  is  the  parental  cell 
line,  and  133  is  the  Nef  protein-expressing  cell  line)  were  incubated  for  4  h  with  PHA  and  PMA  (P/P)  or  sterile  water  (  -  )  H-7  was  added  30  min 


Fig.  32 


prior  to  the  incubation.  Retarded  DNA-prolcin  complexes  are  shown;  free  DNA  complexes  arc  not  shown  hut  were  equivalent  in  each  lane.  The 
experiments  were  performed  three  times  with  similar  results.  The  relative  intensity  of  the  bands  was  evaluated  b\  laser  densitometry. 


To  further  establish  that  the  effects  of  Nef  protien  were  related  to 
stinulaticn  throught  he  TCR-CD3  ccrp lex,  both  Jurkat  22F6  and  133  cells  were 
stimulated  by  anti-CD3  cross-linking  in  the  presence  or  absence  of  H7  (Fig  33) . 
Noninducible  transcription  factor  USF  was  used  as  a  control  (Fig  33A) .  NF-kB 
induction  (Fig  33B)  in  22F6  was  increased  fivefold  by  the  addition  of  the  antibodies 
to  the  TCR-CD3  carp  lex.  The  presence  of  H-7  attenuated  the  induction  to  a  level 
ocrparable  to  that  achieved  in  the  133  cells.  Again,  induction  was  not  further 
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by  H-7  in  the  133  cells,  because  levels  were  already  fivefold  lower  far 
the  op-1  la  stimulated  with  anti-CD3  than  far  the  Nef  protein-expressing  cells.  When 
the  oligonucleotide  far  AP-1  was  used  (Fig  33C) ,  similar  results  were  obtained,  with 
differences  of  eightfold  far  the  anti-CD3  antibody  stimulation  of  22F6  cells 
compared  with  the  133  cells. 

Afclii  0»rf«6  C»A»-| 


FIG.  5.  Effect  of  Nef  protein  on  induction  of  transcriptional  factors  AP-i  and  NF-kB  in  T  cells  stimulated  with  cross-linked  antibody  to  CD3 
(CD3)  or  soluble  CD3  in  the  absence  of  immobilized  anti-mouse  IgG  (-).  Gel  shift  analysis  shows  induction  of  transcriptional  factors  USF. 
NF-kB,  and  AP-I.  H-7  was  added  30  min  prior  to  the  incubation.  cP,  cold  probe.  Retarded  DNA-protein  complexes  arc  shown;  free  DNA 
complexes  are  not  shown  but  were  equivalent  in  each  lane.  The  experiments  were  performed  twice  with  similar  results.  The  relative  intensity  of 
the  bands  was  evaluated  by  laser  densitometry. 

Fig  33. 

To  corroborate  that  the  effects  cn  the  regulation  of  transcription  factors  were 
correlated  with  transcriptional  activity,  CAT  assays  were  performed  (Fig  35) .  The 
percentage  of  acetylation  was  decreased  by  sixfold  with  the  use  of  H-7  in  the  22F6 
cells  stimulated  with  anti-CD3  far  HTV-l-CAT  (Fig  35A) .  The  difference  betwaen  the 
percentage  of  acetylation  in  22F6  and  133  cells  (Fig  3®)  in  the  absence  of  H-7  was 
5.5-fold  when  cells  were  stimulated  with  anti-CD3.  The  results  with  the  H/-2-CAT 
plasmid  with  both  22P6  (Fig  35C)  and  133  (Fig  35D)  oells  again  paralleled  those  of 
the  HIV-l  CAT  plasmid,  except  far  the  greater  differences  found  between  the  Nef 
protein-expressing  cells  and  the  parental  cell  lines.  Furthemare,  the  findings  with 
Hr-2-CAT  reflect  previously  decreased  Nef  protein  effects  on  endogenous  IL-2 
expression.  The  results  presented  above  indicate  that  Nef  protein  down  regulates 
the  induction  of  NF-kB  and  AP-1  by  interacting  with  one  of  the  steps  involved  in 
T  cell  activation  the  TCR-CD3-CD4  carp  lex. 

c)  To  characterize  the  mechanism  of  transcriptional  suppression  by  Nef 
i)  Gel  retardation  experiments 

These  experiments  are  discussed  in  depth  in  the  preceding  section.  In 
addition,  to  the  experiments  to  be  performed  with  CDS  cell  nuclear  extracts,  we  will 
also  performed  assays  with  a  variety  of  different  NF-kB  binding  sites,  in  light  of 
recent  data  of  significant  differences  in  the  binding  ability  of  different  rel- 
related  proteins  to  each  oligonucleotide  sequence. 
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FIG.  6.  CAT  assay  showing  the  effect  of  Nef  protein  on  HIV  and  IL-2  transcription.  Jurkat  T  cells  (22F(>  [A|  is  the  parental  cell  line,  and  12.' 
[  13]  is  the  Nef  protein-expressing  cell  line)  were  transfected  with  HIV-l-long  terminal  rcpcat-CAT  and  stimulated  with  cross-linked  antibody  to 
CD3  (CD?)  or  soluble  CD3  in  the  absence  of  immobilized  anti-mouse  IgG  (CTRL).  11-7  was  added  30  min  prior  to  the  incubation  Similar 
experiments  with  IL-2-CAT  were  performed  with  22F6  cells  (C)  and  133  cells  (D).  Cells  were  transfected  four  times  with  each  plasmid,  a  mean 
fold  induction  was  calculated,  and  the  standard  deviation  of  the  mean  was  determined.  The  percentaues  of  acetylation  for  HIV- 1 -CAT  were  0.3 
±  0.02  (CTRL).  4.1  ±  0.45  (CD3),  and  0.75  ±  0.2  (CD3/H7)  for  22F6  cells  and  0.3  ±  0.06  (CTRL).  0.7  ±  0.1  (CD3).and0.4  ±  (1.06  (CD3/H7) 
for  133  cells.  The  percentages  of  acetylation  for  IL-2-CAT  were  0.2  ±  0.03  (CTRL),  16.2  ±  0.8  (CD3).  and  1.5  ♦  0.25  (CD3/H7)  for  22F6  cells 
and  0.4  ±  0.04  (CTRL),  2.1  ±  0.35  (CD3),  and  0.0  ±  0.25  for  133  cells. 
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ii)  ENA  footprintirxr  studies 

ENA  f oatprinting  studies  proved  unnecessary  since  it  was  found  that  Nef 
modulated  the  activity  of  known  transcription  factors. 

iii)  In  vitro  transcription  studies 

Insufficient  funds  were  available  to  complete  this  task  due  to  severe  budgetary 
cuts  during  the  last  six  months  of  the  project. 

d)  To  determine  the  role  of  ohoschorvlaticri .  GIP  binding,  GTPase  activity,  and 
mvristovlation  acceptor  activity  on  Nef  activity 

Structural  studies  of  Nef  have  shown  that  this  protein  is  myristoylated  at  the 
N  terminus,  and  acylation  has  been  suggested  to  be  important  far  its  association 
with  cell  membranes.  In  addition,  a  potential  protein  kinase  C  (FKC) 
phosphorylation  site  at  threonine  15  of  HIV-1  Nef  and  serine  10  of  HIV-2  Nef  have 
been  identified.  These  potential  phosphorylation  sites  are  homologous  to  those 
present  in  p6cr  and  epidermal  growth  factor  receptor.  Different  Nef  variants  have 
an  alanine  residue  at  position  15  (Nef  1)  car  a  threonine  (Nef  2) .  conversion  of 
threonine  15  to  an  alanine  residue  results  in  the  loss  of  Nef  phosphorylation. 
Though  other  Nef  phosphorylation  sites  have  been  proposed,  there  is  no  evidence  that 
they  are  utilized.  We  therefore  examined  the  impertantoe  of  the  threonine  15 
phosphorylation  site  with  regards  to  the  ability  of  Nef  to  downregulate 
transcription  factors. 

Human  Jurkat  J25  T-oell  clonal  cell  lines  were  selected  after  transfection 
with  plasmids  containing  the  gene  far  either  Nef  1  (133,  22D8)  or  Nef  2  (10H10,  1F8) 
under  the  control  of  the  simian  virus  40  enhancer  and  human  T-oell  leukemia  virus 
promoter  as  previously  described.  The  Nef  1  and  Nef  2  proteins  differ  at  amino  acid 
positions  15,  29,  and  33  (Fig  35) .  Jurkat  cell  clones  were  also  made  with  the 
plasmid  with  the  Nef  1  sequence  mutated  at  position  15  from  threonine  to  alanine 
(Nef  l  clones  18  and  19)  or  with  the  plasmid  with  the  Nef  2  sequence  mutated  at 
position  15  from  alanine  to  threonine  (Nef  2  clones  13  and  16) .  All  these  clones 
have  been  shown  previously  to  shew,  in  the  absence  of  stimulation,  minimal  UER- 
driven  activity  as  wall  as  recruitment  of  transcriptional  factor  NF-kB  and  AP-1 
(defined  as  the  increase  in  the  nuclear  fraction  at  the  active  farms  of  these 
factors) .  These  characteristics  are  not  unique  to  these  cell  clones  and  have  also 
been  observed  with  other  Jurkat  cell  lines  (E6-1)  and  HP-RALL  cells.  In  addition, 
these  cell  lines  respond  appropriately  to  T-cell  stimulants  including  EMA,  FHA, 
antibodies  to  CD3,  antibodies  to  CD2,  as  well  as  antibodies  to  the  INF  and  H>1 
receptors,  indicating  that  their  signal  transduction  pathways  are  functional. 
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Fig.  t.  (A)  Structure  of  Net  expression  plasmids.  Numbers  on  top 
show  Net  protein  amino  acid  residues,  with  number  1  indicating  the 
initiator  methionine.  Differences  in  residues  between  Nef  1  and  Nef  2 
for  the  specified  positions  are  indicated  for  each  clone.  (B)  Western 
blot  analysis  of  Jurkat  cell  clone  extracts  immunoprecipitated  with  rab¬ 
bit  anti-Nef  antiserum  (5).  These  include  parental  cell  line  (22F6),  Nef 
1  expressing  clones  (133,  22D8),  Nef  2  expressing  clones  (1F8,  1 0H  1 0). 
Nef  1  mutants  (18.  19).  and  Nef  2  mutants  (13,  16).  Positions  of  molecu¬ 
lar  weight  markers  are  indicated  on  the  left.  (C)  Jurkat  cell  clone  extracts 
after  [32P]orthophosphate  labeling  and  immunoprecipitation  with  rabbit 
anti-Nef  antiserum.  Positions  of  molecular  weight  markers  (kd)  are 
indicated  on  the  left. 
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Fig  35B  shows  the  Western  blot  analysis  of  all  the  oell  line  including  the 
parental  oell  line  22F6.  For  this  study,  cells  were  kept  in  log  phase  growth  and 
immmoprecipitati.cn  and  inramcblot  analysis  was  performed  with  a  rabbit  antiserum 
as  previously  described.  Nef  was  detected  by  the  rabbit  antiserum  in  all  clones 
except  22F6,  and  to  a  similar  level. 

In  order  to  examine  which  Nef  proteins  can  be  phospbarylaticned,  32P- 
arthophosphate  labeling  was  performed.  Briefly,  107  cells  vrere  grown  in  phosphate- 
free  media  far  4  hr  and  then  ^P-f^PQ,  was  added  at  0.2  mCi/ml.  Cells  were  then 
stimulated  with  50  ng/ml  FMA  and  13  ug/ml  PHA  far  4  hr,  ar  with  sterile  water  as  a 
control,  bnminoprecipitaticn  was  carried  out  as  above  except  that  phosphatase 
inhibitors  (50  nM  NaF,  10  aM  N %W4,  and  50  nM  beta-glyoerolphosphate)  were  added  to 
the  KLPA  buffer.  Inraunoprecipitates  were  then  analyzed  by  SDS-PAGE,  followed  by 
autoradiography.  The  results  are  shown  in  Fig.  35C.  Jurkat  cells  expressing  Nef 
variants  carrying  a  threonine  at  position  15  (Nef  2  clone  1QH10  and  mutant  Nef  1 
clone  18)  showed  phosphorylation  after  stimulation  with  PMA  and  PHA  while  neither 
of  the  clones  with  an  alanine  at  position  15  (Nef  1  clone  133,  mutant  Nef  clone  13) 
showed  a  significant  amount  of  phosphorylation.  No  phosphorylation  was  detected  in 
the  absence  of  FMA  and  FHA  treatment. 

Tto  examine  the  effect  of  each  Nef  variant  on  the  recruitment  into  the  nucleus 
of  active  transcription  factors,  electrophoretic  mobility  shift  assays  (EMSA)  were 
performed  wdth  nuclear  extracts  prepared  from  the  different  Jurkat  cell  clones, 
after  stimulation  with  FMA  and  FHA  far  4  hr  ar  after  stimulation  far  the  same  period 
of  time  wdth  sterile  saline,  as  previously  described.  Pear  EMSA,  double-stranded  ^P- 
labeled  oligonucleotides  vere  used  which  include  the  binding  sites  of  transcription 
factors  SP-1,  NF-kB,  and  AP-1.  Nuclear  extracts  were  normalized  far  protein 
ernaentration  wdth  the  Bradford  reagent  using  bovine  serum  albumin  as  a  standard. 
EMSA  was  performed  using  the  probe  far  ncninducible  transcriptional  factor  SE^l  to 
control  far  the  quality  of  the  extracts  (Fig  36A) .  Recruitment  of  transcription 
factors  NF-kB  and  Ai*-l  in  the  abce:<0c  of  ILA  und  FHA  stimulation  w tas  negligible 
(data  not  shown) .  Figure  36B  shows  the  downregulaticn  of  NF-kB  in  Jurkat  T  cells 
expressing  Nef  1  (22D8,  133)  as  ocnpared  with  the  parental  cell  line  22F6.  Cm  thre 
contrary,  cell  clones  expressing  Nef  2  (1F8,  1QH10)  shewed  no  difference  in  NF-kB 
induction  fran  that  of  22F6  cells.  Results  far  AP-1  recruitment  are  shewn  in  Fig 
36C  and  were  similar  to  those  far  NF-kB.  AP-1  was  downregulated  in  cells  expressing 
Nef  1  but  not  in  those  expressing  Nef  2. 

Fig  37  shows  mobility  shift  assays  in  which  the  cctrpariscn  is  made  between 
parental  oell  clone  22F6,  Nef  1  producing  oell  clone  22D8,  and  clones  18  and  19  in 
which  the  Nef  1  protein  has  been  modified  with  a  threonine  instead  of  an  alanine  at 
position  15.  SP-1  activity  fran  these  cell  clones  is  shown  in  Fig  36A.  NF-kB  (Fig 
37B)  and  AP-1  (Fig  37B)  induction  was  downregulated  in  the  cells  expressing  Nef  1 
when  ocnpared  wdth  that  of  the  22F6  cells.  Strikingly,  both  cell  clones  18  and  19 
show  no  effect  on  NF-kB  and  AP-1  recruitment  when  ocnpared  wdth  the  parental  cell 
clone  22F6. 
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Fig.  2  Electrophoretic  mobility  shift  assays  performed  from  nuclear  extracts  with  33P- labeled  oligonucleotide  probes  for  binding  sites  of  (A)  SP- 
1.  (B)  NF-kB.  and  (C)  AP-I.  Cell  clones,  22F6  (parental  cell  line),  133  and  22D8  (Nef  1  expressing  clone),  1F8  and  10H10  (Nef  2  expressing  clone). 
18  and  19  (mutant  Nef  1  clones).  13  and  16  (mutant  Nef  2  clones).  C-P,  competition  by  cold  probe.  The  relative  intensity  of  the  bands,  showing 
only  DNA-protein  complexes,  was  evaluated  by  laser  densitometry  (bar  graphs).  The  free  probe  at  the  bottom  of  the  gels  is  not  shown.  Experiments 
were  performed  in  duplicate  with  similar  results. 


Fig  36 
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FlG  3.  Electrophoretic  mobility  shift  assays  performed  from  nuclear  extracts  with  3?P-labeled  oligonucleotide  probes  for  binding  sites  of  (A)  NF- 
kB  and  (8)  AP-i  Cell  clones,  22F6  (parental  cell  line),  22D8  (Nef  1  expressing  clone).  18  and  19  (Nef  1  mutants)  c-P.  competition  by  cold  probe 
p.  e  relative  intensity  of  the  bands,  showing  only  DNA-protein  complexes,  was  evaluated  by  laser  densitometry  (bar  graph)  The  free  probe  at  the 

bottom  of  the  gels  is  not  shown.  Experiments  were  performed  in  duplicate  with  similar  results. 

Fig  38  shews  the  cxrparison  between  parental  cell  clone  22F6,  Nef  2  producing 
cell  clone  1F8,  Nef  1  producing  clone  133,  and  clones  13  ard  16  in  which  the  Nef  2 
protein  has  been  modified  with  an  alanine  instead  of  a  threonine  at  position  15. 

SP-1  activity  for  these  cell  clones  is  shown  in  Fig  36B.  NF-kB  (Fig  38A)  and  AP-1 
(Fig  38B)  are  both  downregulated  in  the  cells  expressing  Nef  1  (133) ,  while  no 
effect  is  seen  in  those  expressing  Nef  2  (1F8) .  Clares  13  and  16  shewed  an 
intermediate  phenotype  between  that  exhibited  by  Nef  1  ard  Nef  2.  The  fact  that 
both  clones  13  ard  16  shewed  this  intermediate  phenotype  suggest  that  other 
determinants  in  Nef  besides  phosphorylation  at  position  15  are  important  for  Nef- 
deperdent  dcwrvregulaticn  of  transcription  factors. 
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Fig.  4.  Electrophoretic  mobility  shift  assays  performed  from  nuclear  extracts  with  32P-labeled  oligonucleotide  probes  for  binding  sites  of  (A)  NF- 
kB  and  (B)  AP-1.  Cell  clones;  22F6  (parental  cell  line),  133  (Nef  1  expressing  clone),  1F8  (Nef  2  expressing  clone).  13  and  16  (Nef  2  mutants).  c-P. 
competition  by  cold  probe.  The  relative  intensity  of  the  bands,  showing  only  DNA- protein  complexes,  was  evaluated  by  laser  densitometry  (bar 
graph).  The  free  probe  at  the  bottom  of  the  gels  is  not  shown.  Experiments  were  performed  in  duplicate  with  similar  results. 


Fig  38 


La  I- 1  l.ll 


oh  »*•  »JJ  KJ  II  ta  H 


ll-l  l.ll  l_l„ 


1)1  *1  1«  Ml  l|  W«  in  IM  HI  I)  MI  It 


Fig.  5.  Chloramphenicol  acetyltransferase  (CAT)  assays  for  HIV  and  IL-2  transcription.  Extracts  were  prepared  from  Jurkat  cell  clones  transfected 
/vith  HIV-1-CAT  (A-C)  or  11-2-CAT  (D-F).  The  data  are  presented  as  the  mean  ratio  of  the  level  of  CAT  activity  present  in  the  cells  stimulated  with 
PMA  and  PHA  for  4  hr  compared  to  the  level  present  in  unstimulaled  cells.  The  mean  values  for  percentage  of  acetylation  in  stimulated  cells  were 
10  2  (22F6),  1.4  (133),  8.7  (N1  19).  9  (N1  18),  8.6  (1F8),  8  (10H10).  5.3  (N2  13),  5  9  (N2  16)  for  HIV-1-CAT  and  22.3  (22F6),  2  6  (133).  22  2  (N1  19).  29  7 
(N1  18),  17.5  (1F8),  18.4  (10H10).  3.5  (22D8).  6.3  (N2  13),  7.2  (N2  16)  for  IL-2-CAT.  Experiments  were  performed  in  triplicate  and  error  bars  represent 
standard  deviation  of  the  mean.  Cell  clones;  22F6  (parental  cell  line),  133,  22D8  (Nef  1  expressing  clones).  1F8,  10H10  (Nef  2  expressing  clones), 
13  and  16  (Nef  2  mutants),  18  and  19  (Nef  1  mutants). 

Fig  39 

To  determine  if  the  effects  of  the  changes  of  amino  acid  15  in  Nef  on 
transcription  factor  regulation  correlated  with  transcriptional  activity, 
experiments  were  performed  in  which  cells  were  transfected  by  the  DEAE  dextran 
method  with  plasmid  which  use  the  long  terminal  repeat  of  HIV  (HIV-l-CAT)  or  the  H/- 
2  promoter  (IL-2-CAT)  to  direct  expression  of  the  chloramphenicol  acetyl  transferase 
(CAT)  gene.  After  stimulation  o i  the  cells  with  FMA  and  FHA  or  sterile  saline  for 
4  hr,  cell  extracts  were  prepared  and  CAT  activity  was  assessed  by  standard  methods. 

Samples  for  the  CAT  assays  were  normalized  to  equal  protein  oocnetration  by  Bradford 
reagent  analysis  using  bovine  serum  albumin  as  a  standard.  CAT  assays  frcm 
different  cell  lines  were  also  normalized  to  a  noninducible  control  plasmid  RSV-CAT, 
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which  as  transfected  in  parallel  with  the  HIV-l-CAT  and  the  IL-2-CAT.  Fig  39  shews 
the  results  of  these  experiments.  The  CAT  activity  measurements  closely  paralleled 
the  EMSA  findings.  Uhstimulated  cells  shewed  almost  no  CAT  activity  (data  not 
shown) .  Fig  39A  shows  decreased  CAT  activity  in  cell  clones  transfected  with  HEV-1- 
CAT  in  the  presence  of  Nef  1  (22D8,  133) ,  when  cxxrpared  with  the  parental  cell  line 
22F6.  Cn  the  other  hand,  clones  expressing  Nef  2  (1F8,  1CHL0)  shewed  no  difference 
in  HIV-l-CAT  activity  as  compared  with  parental  cell  line  22F6.  Fig  39B  compares 
the  CAT  activity  in  clones  transfected  with  the  HIV-l-CAT  expressing  Nef  l  (133)  and 
the  parental  cell  line  (22F6)  as  veil  as  clones  18  and  19  in  which  Nef  1  protein  has 
been  modified  to  include  a  threonine  at  position  15  instead  of  an  alanine.  CAT 
activity  was  decreased  in  cells  expressing  Nef  1  when  compared  with  the  parental 
cell  line.  Once  again,  clones  18  and  19  showed  no  difference  in  CAT  activity  when 
compared  with  the  parental  cell  line.  Fig  39C  shows  the  comparison  between  clones 
transfected  with  HIV-l-CAT  expressing  Nef  1  (133) ,  Nef  2  (1F8) ,  and  the  parental 
cell  line  22F6,  as  well  as  clones  13  and  16  in  which  Nef  2  protein  was  modified  to 
include  an  alanine  at  position  15  instead  of  a  threonine.  CAT  cativity  was  not 
significantly  different  between  Jurak  cell  clones  expressing  Nef  2  and  the  parental 
cell  line,  while  it  was  clearly  decreased  in  those  expressing  Nef  1.  Clones  13  and 
16  expressed  an  intermediate  phenotype.  Figures  39D,  39E,  and  39F  shows  the  results 
of  similar  experiments  except  that  the  cells  were  transfected  with  IL-2-CAT.  H> 2- 
CAT  induction  was  decreased  in  clones  expressing  Nef  1,  when  compared  with  the 
parental  cell  line,  while  those  expressing  Nef  2  showed  no  significant  effect  on  CAT 
activity.  Clones  13  and  16  also  showad  an  intermediate  phenotype  with  regards  to 
IL-2  expression. 

HIV-1  Nef  protein  has  been  shown  to  be  phospharylated  by  FKC  at  threonine  15. 
The  muation  from  threonine  to  alanine  results  in  loss  of  this  phosphorylation  site. 
This  change  has  no  effect  on  N-terminal  myristcylaticn  of  Nef,  thus  is  not  likely 
to  affect  Nef  membrane  binding.  It  also  has  no  effect  cn  downregulaticn  of  CD4 
expression  in  T  cells.  The  results  of  this  study  shew  that,  as  in  the  case  of  p60*, 
phosphorylation  of  Nef  results  in  loss  of  one  of  the  functions  of  this  protein. 
Also,  the  results  show  that,  even  though  other  potential  phosphorylation  sites  have 
been  identified  in  Nef,  tha  predeminant  site  of  Nef  phosphorylation  upon  stimulation 
of  T  cells  is  the  threonine  at  position  15.  We  have  shewn  elsewhere  that 
dcwnregulation  of  transcription  factor  NF-kB  by  Nef  occurs  through  a  FKC-depedent 
mechanism.  The  oembinatien  of  these  data  presents  a  model  for  a  unique  system  by 
which  a  protein  acts  through  a  pathway  that  use  a  protien  kinase  as  an  intermediate 
for  its  function,  and  the  same  protein  kinase  reulgates  the  presence  of  the  active 
farm  of  the  protein.  Furthermore,  it  has  also  been  shown  that  Nef  associated  with 
the  cytoskeletcn  (see  below) ,  and  may  also  localize  in  specific  "charnels"  in  the 
nucleus  (see  below) .  Whether  the  localization  of  Nef  and  its  availability  far 
phosphorylation  by  FKC  are  related  is  so  far  unknown.  However,  it  is  intriguing 
that  the  FKC  phosphorylation  site  lies  within  the  potential  bipartite  nuclear 
localization  signal,  and  therefore,  may  alter  its  activity. 
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Several  studies  have  examined  the  cellular  localization  of  Nef ,  but  with 
differing  results.  The  current  studies  utilized  cell  fractionation  methods  to 
demonstrate  localization  of  a  portion  of  Nef  in  the  cytoskeletal  matrix  of  T 
lynphocytes.  This  is  a  detergent  insoluble  frameswork  of  proteins  which  includes 
the  cytoskeletcn  and  membrane  skeletal  fractions.  Furthermore,  we  have  developed 
a  novel  binding  assay  to  examine  the  dependence  of  myristoylation  for  Nef  binding 
to  the  cell  skeletal  matrix. 

In  order  to  examine  the  cellular  localization  of  Nef,  we  used  a  Jurkat  25  cell 
clone  resulting  from  stable  transfection  of  a  plasmid  (SRalpha)  expressing  nef  from 
HIV-1  strain  NL4-3,  using  a  human  T-lynphotrcpic  virus  type  1  (HTLV1)  promoter  and 
an  SV40  enhancer  (133  cells) .  Control  Jurkat  25  cells  (22F6  or  22  cells)  do  not 
express  Nef.  In  addition,  we  used  HFBALL  cells  infected  with  a  recombinant 
retrovirus  expressing  nef  from  HIV-1  strain  SF2  using  the  McMULV  promoter  (NEF 
cells)  and  control  HPBALL  cells  not  bearing  nef  sequences  (IN  cells) .  Both 
unstimulated  cells  and  cells  stimulated  for  4  hrs  with  FMA  nad  FHA  were  used,  cells 
were  lysed  in  hypotonic  lysis  buffer  (10  nM  Hepes,  pH  7.9,  10  irM  KCl)  by  Bounce 
homogenization,  and  unbroken  cells  and  nuclei  ware  removed  by  centrifugation  at  1500 
rpm  at  4°  in  an  Epperdorf  centrifuge.  The  postnuclear  supernatant  was  supplemented 
with  Nad  to  a  final  cocnentxaticn  of  150  nM  and  was  then  separated  by 
ultraoentrifugaticn  at  38,000  rpm  in  a  70.1  Ti  rotor  at  4°  for  1  hr  into  a 
supernatant  fraction  (cytosol,  C)  and  a  pellet.  The  pellet  was  resuspended  in  NTENT 
buffer  (150  nM  Nad,  10  nM  Tris-Cl,  pH  8.0,  1  nM  EHTA,  pH  8.0,  3  ul/ml  aprotinin, 
0.1  nM  FMSF,  0.1  nM  sodium  vanadate,  10  nM  NaF,  50  nM  glycerol  phosphate,  1%  Triton 
X— 100,  1%  NP-40)  and  resedimented  under  the  same  ultraoentrifugaticn  conditions  into 
a  supernatant  fraction  (membrane,  M)  and  a  pellet  (skeleton,  K) . 

Under  these  fractionation  conditions,  15-50%  of  the  Nef  protein  was  found  in 
the  cytosolic  fraction,  32-48%  in  the  membrane  fraction,  and  16-42%  in  the  skeletal 
fraction  (Fig  40) .  No  significant  differences  were  seal  between  unstinulated  or 
stimulated  HPEfllL  cells  (Fig  40a)  cr  Jurkat  cells  (Fig  40b) .  Similar  results  were 
obtained  in  fractionation  studies  using  ^-myristate-labeled  Nef  (not  shewn) .  The 
skeletal  fraction  had  no  significant  contaminating  membrane  or  cytosolic  proteins, 
as  evidenced  by  the  lack  of  significant  amounts  of  5' nucleotidase  (5'NT,  membrane 
marker  protein)  or  lactate  dehydrogenase  (LEH,  cytosolic  marker  protein) .  Tubulin 
was  used  as  a  marker  protein  far  the  skeletal  fraction,  and  51-59%  of  this  protein 
was  present  in  the  skeletal  fraction,  38%  in  the  cytosolic  fraction, and  only  3-11% 
in  the  membrane  fraction  (Fig  40a) .  Thus,  there  is  very  little  axitamination  of  the 
membrane  fraction  with  skeletal  protein. 
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Fig.  1 .  Net  is  associated  with  skeletal,  membrane,  and  cytoplas¬ 
mic  cellular  fractions,  (a)  HPBALL  and  (b)  JURKAT  ce'ls  were  fraction¬ 
ated  by  ultracentrifugation  into  cytoplasmic  (C).  membrane  (M).  and 
skeletal  fractions  (K).  HPBALL-LnefSNSl  cells  (NEF-U  and  NEF-S) 
express  the  nef  gene  derived  from  the  HIV- 1  isolate  SF2  whereas  the 
HPBAIL-LN  cells  (LN-U  and  LN-S)  do  not  express  nef  Cells  were 
maintained  at  logarithmic  growth  in  RPMI-1640  medium  supple¬ 
mented  with  1 0%  fetal  bovine  serum  and  2  m/W  glulamme  Fou- 
hours  prior  to  harvest,  7  x  1 07  cells  were  either  not  stimulated  (U)  or 
were  stimulated  (S)  with  13  ug/ml  PHA  (Sigma)  and  50  ng/m!  PMA 
(Sigma).  Cells  were  harvested  at  1500  rpm  for  5  mm  and  were 
washed  twice  with  phosphate  buffered  saline  (PBS)  Ce'l  pellets 
were  resuspended  in  hypotonic  lysis  buffer  and  allowed  to  swell  on 
ice  for  I  5  mm  Cells  were  then  dounced  20  times,  nuclei  and  unbro 
ken  cells  removed  at  1 500  rpm,  and  post-nuclear  supernatants  frac 
tionated  by  ultracentrifugation  into  cytoplasmic  (C),  membrane  (M), 
and  skeletal  fractions  (K)  as  described  in  the  text  Fraction  equiva 
ients  were  analyzed  by  1 09b  SDS  PAGE  and  immunoblot  analysis 
The  prims  /  antibody  was  a  rabbit  anti  Nef  antiserum  or  a  mouse 
anti  tubulin  antiserum  (Boehrmger-Mannheim),  and  the  secondary 
antibody  was  a  horseradish  peroxidase  conjugated  goat-anti  rabbit 
iqG  (Ctontech)  or  alkaline  phosphatase  conjugated  goat  anti  mouse 
r  i(  i  (Promega)  Proteins  were  visualized  following  the  addition  of 
!  CL  reagent  (Amersham)  or  NBT/BCIP  (Promega)  and  were  guanti 
i  Fed  by  laser  densitometry  of  Kodak  XAK  films.  All  bands  worn  m  the 
''he.ii  range  of  analysis  as  deteimined  by  a  standard  curve  l  OH  and 
'•  NI  assays  (Sigma)  were  performed  using  equivalent  am- “fits  of 
"a  h  frai'tmn  as  fit  scribed  try  the  rnanufactiirer  llu";r  '•"S;"-  .ire 
'  mreseiifalrve  of  fhree  serrarafe  cvnenmenrs 
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Fig.  2.  Myristoyiation  of  Nef  in  E.  coli.  Bacteria  (strain  JM 101)  were 
transformed  with  the  NMT  expression  plasmid  alone  (N)  or  together 
with  plasmids  expressing  the  myristoyiation  acceptor  mutant  Nef  (A) 
or  the  wild-type  Nef  (G)  (22).  Bacteria  (2  ml)  were  grown  to  mid-log 
phase  (A^  =  0.5-0. 6)  and  induced  with  20  #il  of  100  m M  IPTG  to 
induce  NMT  expression  and  2  50  mg/ml  nalidixic  acid  to  induce 

Nef  expression  for  an  additional  2-4  hr  in  the  presence  of  400  fiC i 
[  H]myristate  (56  Ci/mmol.  Amersham).  Bacteria  were  sedimented 
at  6000  rpm  for  1 5  min  in  a  JA20  rotor  at  4°.  washed  twice  with  PBS, 
and  lysed  by  boiling  in  100  Ml  of  2x  sample  buffer.  Equivalent  vol¬ 
umes  (5  </l)  were  analyzed  by  SDS-PAGE  and  (a)  immunoblot  as 
described  in  Fig.  t  or  (b)  autoradiography  (22).  Molecular  weight 
markers  are  shown  in  lane  M 

Pig  41 

In  order  to  further  assess  the  nature  of  binding  of  Nef  to  the  skeletal  matrix, 
recombinant  proteins  expressed  in  E  ooli  were  utilized.  Ib  obtain  xnyristoylated 
bacterial  Nef  proteins,  we  transformed  bacteria  with  a  nef  epxressicn  plasmid  and 
a  plasmid  expressing  the  yeast  N-myristoyl  transferase.  In  this  experiment,  the  nef 
gene  was  derived  from  a  reoanbinant  of  two  closely  related  HIV-1  strains,  HXB2  and 
HXB3.  A  clone  with  a  glycine  to  alanine  nutation  in  the  myristoyiation  acceptor 
site  was  utilized  to  generate  a  nonmyristoylatable  form  of  Nef  (A) .  In  addition, 
expression  of  yeast  N-myristoyl  transferase  alone  (N)  was  used  as  a  negative 
control.  A  25-kDa  protein  was  detected  from  both  A  and  G  expression  system,  as 
detected  by  a  polyclonal  rabbit  antiserum  (Fig  41a) .  The  form  of  nef  with  glycine 
codon  2  could  generate  a  product  labeled  with  %-myristate  and  detected  by  SDS-PAGE 
and  autoradiography.  In  contrast,  no  ^-myristate  incorporation  occurred  into  the 
nutated  Nef  (A)  or  into  E  coli  protein  (N) .  Also  identified  in  the  A  and  G  Nef 
expressing  bacteria,  but  not  those  expressing  NMT  alone,  were  small  amounts  of  19 
and  26-kDa  proteins,  which  did  not  incorporate  ^-myistate  (even  with  a  longer 
exposure  of  the  autoradiogram  shown  in  Fig  41b) . 

Recombinant  G  and  A  Nef  proteins  were  partially  purified  from  E  coli  after 
lysozyme  treatment  and  scnicaticn  in  NTENT  buffer  supplemented  with  0.5%  SDS  and  0.5 
M  NaCl.  Insoluble  debris  was  removed  by  ultraceritrifugation  at  45,000  rpm  for  3  hr 
at  4°  in  a  70  Ti  rotor  before  and  after  dialysis  overnight  against  NTENT  buffer. 
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Par  in  vitro  binding  reactions,  skeletal  matrix  was  prepared  from  HFBALL  (LN)  cells 
as  previously  described.  Binding  reactions  ware  performed  with  300  ug  of  partially 
purified  bacterial  proteins  in  20  ul  in  a  reaction  volume  of  100  ul  in  NTENT  buffer 
at  18°  far  30  min.  Similar  results  were  obtained  in  reactions  performed  far  5-120 
min.  The  reaction  mixtures  were  then  treated  by  ultracentrifugation  at  38,000  rpm 
far  30  min  at  4°  in  a  70  Ti  rotor.  The  supernatant  was  transferred  to  100  ul  of 
4  x  sanple  buffer  (0.25  M  Tris-Cl,  pH  6.8,  8%  SDS,  40%  glycerol,  20%  2- 
mercaptoethanol,  0.02%  broncphenol  blue) ,  and  the  pellet  was  resuspended  in  200  ul 
of  2x  sanple  buffer.  Twenty  microliters  of  each  sanple  was  then  analyzed  on  a  10% 
SDS-PAGE  and  analyzed  with  the  anti-Nef  antiserum  using  the  EEL  system.  The 
relative  proportions  of  protein  in  each  fraction  were  determined  by  densitcmertric 
analysis. 

Representative  results  of  a  binding  experiment  are  shewn  in  Fig  42a.  Between 
30  and  50%  of  the  Nef  G  protein  (average  34%)  was  found  associated  specifically  with 
the  skeletal  matrix,  whereas  only  5-15%  of  the  Nef  A  protein  (average  8%)  was  in  the 
pellet  fraction.  When  expressed  in  the  absence  of  N-nyristpyl  transferase,  Nef  G 
and  Nef  A  showed  no  significant  differences  in  cytoskeletal  binding  (not  shown) . 
The  results  presented  in  the  table  represent  12  independent  experiments  with  6 
different  preparations  of  Nef  proteins  and  6  different  preparations  of  skeletal 
matrix. 

a)  Nef  b)  Gag 

Supernatants  Pellets  Supernatants  Fttlets 


Fig.  3.  Finding  of  Nef  and  Gag  proteins  to  skeletal  matox  Bacteria  (50  ml)  were  grown  lo  mid  log  phase,  and  induced  with  0  5  ml  1 00  m M  IPTG 
and  50  p I  50  my/rnl  nalidixic  acid  K  r  an  additional  2-  4  hr.  Extracts  were  prepared  as  described  in  the  text  from  bacteria  expressing  NMT  alone 
IN)  or  together  with  (a)  Nef-G  or  Nef  A  proteins  or  (b)  Gag  G  or  Gag  A  proteins.  Rinding  was  performed  with  300  py  of  recombinant  bacterial 
protein  and  300  pg  HPBALl.  (I  N)  lymphoid  skeletal  proteins  as  described  in  the  text  at  1 8  20"  lor  30  mm  The  reaction  mixtur.  was  separated  t\ 
ultrucentrilugation  into  a  supernatant  and  pellet  traction,  and  20  pi  of  each  sample  was  analyzed  by  10%  SDS  PAGt  and  imrnunobkjt  with  the 
anti  Nef  antibody  or  an  anti  Gag  p24  antibody  as  described  in  the  legend  c  Tig  i  The  Nef  bands  were  in  the  linear  range  ot  analysis  as 
determined  by  a  standard  curve  Specific  binding  ol  recombinant  bacterial  proteins  to  lymphoid  skeletal  proteins  are  described  at  the  bottom 


Fig  42. 
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Tto  determine  the  specificity  of  the  nyristcylaticn-enhanoed  Nef  binding  to 
skeletal  matrix,  binding  of  HIV-1  Gag  proteins  was  also  analyzed  (Fig  42b) .  The  Gag 
E  coli  expression  system,  was  similar  to  the  Nef  expression  system,  and  used  the  gag 
and  pol  genes  of  HIV-1,  winch  were  detected  with  a  rabbit  anti-p24  polyclonal 
antiserum.  The  predominant  protein  was  55  kDa  representing  the  full  Gag  precursor, 
and  smaller  amounts  of  41-  and  39-kDa  proteins  ware  also  expressed  which  were 
derived  from  HIV-1  protease-specific  scission  at  the  pl7/p24  and  p24/pl5  cleavage 
sites.  In  this  system,  30-40%  of  the  Gag  G  protein  (average  33%)  bound  specifically 
to  the  skeletal  matrix,  and  30-45%  of  the  Gag-A  protein  bound  the  pellet  ocrpcnents 
(average  38%).  Urns,  nyristoylaticn  did  not  enhance  Gag  association  with  the 
skeletal  matrix,  as  it  did  in  the  case  of  Nef. 

'a  b 


Fig.  4.  Saturation  binding  and  inhibition  studies  ot  the  Net  interac¬ 
tion  with  the  skeletal  matrix  (a)  Protein  extracts  from  Nel-G  bacteria 
(0-75  jil,  0- 1 1 00  jig)  were  incubated  with  500  jig  HPBALL-LN  skele¬ 
tal  proteins  in  1 40  jil  total  NTENT  as  described  in  Fig.  3  and  the  text. 

(b)  Extracts  from  Nef-G  bacteria  (300  ng)  were  incubated  with  300  ng 
HPBALL-LN  skeletal  proteins  that  were  not  pretreated,  or  were  pre¬ 
treated  for  5  min  with  the  specific  reagents,  in  a  total  volume  of  100 
«l  NTENT,  and  fractionated  as  described  in  the  legend  to  Fig.  3  and 
the  text.  The  amount  of  Nef  specific  binding  to  the  skeletal  matrix 
was  determined  by  SDS-PAGE,  immunoblot  analysis,  and  densitom¬ 
etry  as  described  in  me  legend  to  Fig  3  All  Nef-specific  bands  were 
Quantitated  in  the  linear  range  ot  analysis  as  determined  by  a  stan¬ 
dard  curve  The  residual  protein  contents  of  the  cytoskeletal  prepara 
tions.  as  determined  with  the  Bradford  reagent,  after  treatment  with 
specific  reagents,  compared  to  the  untreated  samples  were  as  fol 
lows:  65%  after  1  M  NaCI.  58%  after  I  5  M  NaCI.  5?%  after  3  M 
NaCI.  35%  after  0  5%  SDS.  72%  alter  2  M  urea.  95%  after  3  mM 
.  rnynstic  acid,  and  97%  after  9  m/W  myristic  acid  treatment  These 

^  experiments  were  repeated  on  three  separate  occasions  with  similar 

results 

The  nature  or  the  skeletal  matrix  binding  site  for  the  myristoylated  Nef 
protein  was  analyzed  by  saturation  binding  experiments  and  studies  of  reagents  that 
prevented  Nef  association  with  the  insoluble  matrix  (Fig  43) .  With  increasing 
amounts  of  Nef-G  protein  extract,  incubated  with  a  constant  amount  of  skeletal 
proteins,  saturation  of  binding  was  achieved  with  approximately  25  ul  (300  ug)  of 
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Nef  protein  extract  (Fig  43a) .  lie  amount  of  Nef  protein  in  this  volume  of  extract 
was  20  ug  as  determined  by  comparing  the  intensity  of  the  Nef -specific  band  in  the 
bacterial  extract  to  a  standard  curve  using  purified  Nef  protein  (provided  by  the 
AIDS  Repository) .  Using  25  kDa  as  the  molecular  mass  of  Nef,  this  corresponds  to 
5  x  1014  molecules  of  Nef  required  to  saturate  500  ug  of  skeletal  proteins.  Thus, 
the  calculated  number  of  skeletal  binding  sites  far  Nef  is  approximately  2  x  107 
sites/oell. 

The  association  of  Nef  with  the  skeletal  matrix  could  be  inhibited  with 
progressively  increasing  cxmcentraticns  of  NaCl  from  1-3  M  (Fig  43b) .  That  35-40% 
of  Nef  bound  to  the  skeletal  matrix  in  the  presence  of  1.5  M  NaCl  suggests  tight 
interaction;  however,  binding  was  almost  ocrrpletely  inhibited  with  3  M  NaCl.  This 
may  suggest  that  icnic  interactions  may  be  critical  far  Nef-cytoskeletal 
interaction.  Protein  denaturants,  EDS  and  urea,  could  completely  prevent  the 
binding  of  Nef  to  the  cytoskeletal  matrix,  suggesting  that  the  ternary  structure  of 
either  Nef,  the  cytoskeletal  binding  site,  or  both  is  important  far  binding  (Fig 
43b) .  It  should  be  noted  that  the  size  or  nature  of  the  cytoskeletal  pellet  in 
these  experiments  was  not  significantly  altered  in  the  presence  of  NaCl,  SDS,  or 
urea.  Though  protein  contents  of  the  cytoskeletcn  were  diminished  to  sate  extent 
by  these  treatments  (Fig  43  legend) ,  the  effects  cn  Nef  binding  were  significantly 
larger  than  those  cn  the  protein  content.  Finally,  inclusion  of  3  or  9  irM  myristic 
acid  did  not  affect  the  association  of  Nef  with  the  skeletal  fraction,  suggesting 
that  the  Nef  binding  factor  is  not  merely  a  myristic  acid  binding  receptor.  This 
is  in  agreement  with  the  observation  that  myristcylated  Gag  did  not  assocaite  with 
the  cytoskeletal  fraction  to  a  greater  extent  than  its  nonmyristoylated  counterpart 
(Fig  42) . 

The  data  presented  here  suggests  that  Nef  protein  derived  from  three  different 
HIV-1  isolates  is  capable  of  associating  the  the  T-oell  cytoskeletal  matrix,  and 
that  the  interaction  is  facilitated  by  myr istoy laticn .  It  is  possible  that  Nef 
binds  directly  to  a  cytoskeletal  protein  such  as  actin  cr  tubulin,  or  it  is  possible 
that  Nef  interacts  with  a  protein  that  binds  directly  to  a  cytoskeletcn. 
Additionally,  it  is  possible  that  myristcylated  Nef  may  bind  to  one  cytoskeletal 
binding  site,  while  normyristolyated  Nef  may  bind  to  a  distinct  site.  This  may 
explain  the  different  binding  patterns  of  these  two  forms  of  Nef.  Alternatively, 
both  foots  of  Nef  may  bind  to  the  same  site,  and  myr istcy laticn  serves  to  promote 
cr  stabilize  this  interaction.  The  results  that  50-85%  of  Nef  associated  with 
either  the  membrane  cr  cytoskeletal  fraction  may  reflect  the  fact  that  only  50-85% 
of  Nef  proteins  wdthin  the  cells  are  myristcylated.  Within  intact  cells,  there  may 
be  a  dynamic  state  such  that  Nef  may  localize  and  translocate  within  cells  depending 
upon  differences  in  pcst-translaticnal  modifications,  such  as  myr istouy lation, 
phosphorylation ,  or  glycosy  laticn . 

Previous  studies  regarding  the  localization  of  Nef  have  reported  that  Nef  is 
primarily  extranuclear  and  that  myr  istoy  laticn  is  required  for  membrane  association. 
However,  these  expe intents  do  not  exclude  the  possibility  that  myristcylated  Nef 
associated  with  the  cytoskeletal  matrix  as  well.  Other  studies  utilizing 
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inmurriiistochemical  methods  suggest  that  Nef  is  present  throughout  the  cytoplasm, 
but  large  amounts  of  Nef  are  located  in  a  perinuclear  location  as  well. 
Additionally,  Ovod  et  al  report  that  Nef  was  also  present  in  elongated  cytoplasmic 
processes,  or  pseudcpods.  Interestingly,  perinuclear  ocncentraticn,  and  the 
presence  of  Nef  in  pseudcpods  may  be  consistent  with  the  possibility  that  Nef  is 
associated  with  cytoskeletal  elements  in  that  the  microtubule  organizing  center  is 
in  a  perinuclear  location,  and  cytoskeletal  oaxpcnents  are  present  in  pseudcpods, 
and  are  important  for  their  formation.  The  results  presented  in  the  current  study 
are  consistent  with  the  previous  studies  in  which  cytoskeletal  association  of  Nef 
was  not  addressed. 

The  cell  matrix  includes  the  cytoskeletcn  and  the  membrane  matrix.  It  is 
composed  of  a  framework  of  fibers  that  maintain  the  structural  integrity  of  the 
cell,  and  allow  the  interaction  of  cell  surface  receptors  with  membrane  matrix  and 
cytoskeletcn. 

There  are  several  interesting  paralleles  between  Nef  and  two  other 
myrisotylated  proteins,  MAKKCS  and  Src.  MARCKS  (myristoylated  alanine-rich  C-kinase 
substrate)  is  one  member  of  a  family  of  myristoylated  proteins  in  macrophages  and 
neutrophils.  It  binds  calmodulin  and  regulates  cell  activation  and  mitogenesis. 
MAKKCS  oolocalizes  with  vinculin,  talin,  and  protein  kinase  C  in  focal  contracts 
where  the  aetin  cytoskeletcn  abuts  the  substrate-adherent  plasma  membrane. 
Furthemare,  MARCKS  can  bind  and  cross-link  actin  and  this  binding  is  regulated  by 
phosphorylation,  calcium,  and  calmodulin.  The  first  14  amino  acids  of  MARCKS, 
including  the  myristoylation  acceptor  site,  are  critical  far  its  cytoskeletal 
binding. 

Myristoylaticn-dependerit  binding  has  also  been  shown  for  the  oncoprotein,  Src. 
In  this  case,  a  specific  membrane  protein  of  32  kDa  was  found  to  bind  myristoylated 
but  not  ncnriyristoylated  Src.  Myristoylated  peptides  ocrresponding  to  the  amino- 
terminal  sequence  of  Src  were  capable  of  inhibiting  binding  to  the  receptor,  whereas 
myristoylated  peptides  based  on  sequences  of  other  proteins  had  no  inhibitory 
effects.  Myristoylation  is  critical  far  Src-mediated  transformation  and  previous 
work  suggests  that  jyristoylaticn  may  be  critical  far  Nef  effects  as  well. 

The  significance  of  skeletal  matrix  binding  of  Nef  remains  to  be  determined. 
However,  recent  findings  have  suggested  that  Nef  disrupts  signal  transduction  in  T 
lyrrphocytes,  inhibiting  both  NF-kB  and  AP-1  generation  by  PMA  and  FHA  exposure. 
This  may  be  due  to  an  effect  cn  the  T  cell  receptor-CD3-pratein  tyrosine  kinase-G 
protein  complex,  or  an  effect  cn  protein  kinase  C  activation.  Cytoskeletal 
interaction  of  one  or  more  of  these  ocmponents  or  other  important  cell  regulators 
may  be  altered  by  Nef.  This  may  account  far  the  ability  of  Nef  to  downregulate  HIV- 
1  transcription  and  to  inhibit  T  cell  activation,  which  may  reuslt  in  a  reservoir 
or  persistently  infected  cells  with  repressed  virus  expression. 

Several  recent  studies  strongly  suggest  that  Nef  lacks  GIF  and  GTPase 
activities,  and  therefore,  the  proposed  studies  on  these  determinants  were  not 
carried  out. 
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e)  tv-)  determine  effects  of  Nef  on  cellular  proteins  including  those  which  may 
modulate  htv-1  infectivitv  car  replication 

First,  vie  investigated  the  importance  of  the  myristoyl  group  at  the  N-terminus 
of  Nef  far  the  downregulaticn  of  surface  CD4.  lb  do  so,  we  used  the  following 
ocretructs:  Nef  Mt  (Nef  fran  a  chimera  of  HXB2  and  HXB3) ,  and  two  itutants  created 
by  site  directed  mutagenesis.  In  the  first  mutant,  Nef  M-,  an  alanine  oodcn 
replaces  the  glycine  codon  at  position  2  that  has  been  shown  to  be  essential  for 
myristoylaticn  of  the  Nef  protein.  The  second  mutant,  Nef  A1G-,  expresses  a  25  kD 
farm  of  Nef  that  is  the  product  of  translation  fran  the  second  methionine  at 
position  20  and  is  not  myirstoylated.  All  three  constructs  were  transfected  by  the 
DEAE  dextran  method  into  Jurkat  J25  cells  and  the  production  of  Nef  proteins 
demonstrated  by  Western  blot  analysis  using  a  rabbit  polyclonal  anti-Nef  antibody 
(Fig  44A) .  To  examine  the  effect  of  the  production  of  these  proteins  cn  CD4 
expression,  the  following  ENAs  were  oo-transfectod  with  the  Nef  ENAs:  a  fusion 
protein  consisting  of  the  extracellular  domain  of  the  G  glycoprotein  of  vesciular 
stomatitis  virus  (VSV)  and  23  amino  acids  fran  the  extracellular  domain  and  the 
entire  transmenteane  and  cytcplaanic  domains  of  CD4  (G-CD4) ,  and  the  ocnplete  G 
glycoprotein  of  VSV  (VSV-G)  (Fig  44B) .  The  results  are  shown  in  Fig  44C  with  a 
tabulation  of  the  mean  channel  number  and  FACS  tracings  of  the  fluorescence 
profiles.  surface  expression  of  VSV-G  was  used  to  central  far  transfection 
efficiency.  Only  thee  cells  carrying  the  Nef  Mf  gene  efficiently  dcwnregulated  G- 
CD4  as  compared  with  the  control  cells  not  producing  Nef  (Nef-) .  Surface  expression 
of  G-CD4  in  the  cells  carrying  the  Nef  M-  and  Nef  ATG-  constructs  was  equivalent  to 
that  in  the  Nef-  cells.  These  experiments  show  that  Nef  myristoylaticn  is  required 
far  downregulaticn  of  CD4. 

The  G-CD4  construct  was  also  used  to  study  the  relevance  of  the  phosphorylation 
of  Nef  at  position  15.  We  have  previously  shewn  that  this  is  the  predominant 
phosphorylation  site  upon  T-cell  stimulation  by  phorbol  esters,  and  that 
phosphoyrlaticn  at  this  site  results  in  the  abrogation  of  Nef  effects  cn 
transcription  facto.3.  Cell  clones  carrying  the  Nef-1  gene  (133)  with  a  nen- 
phosphorylatable  alanine  oodcn  at  position  15,  or  carrying  the  Nef  2  gene  (10H10) 
with  a  phospharylatable  threonine  codon  at  position  15,  or  carrying  no  Nef  sequences 
(22P6)  were  transfected  with  G-CD4  car  VSV-G.  FACS  analysis  was  performed  to  examine 
the  effect  of  the  different  forms  of  Nef  cn  OX  surface  expression  (Fig  45) .  Both 
Nef  1  (133  cells)  and  Nef  2  (10H10  cells)  expressing  cells  dcwnregulated  surface  CD4 
to  a  similar  extent  when  ccqpared  with  the  non-Nef  expressing  cells  (22F6) .  These 
results  shew  that  the  effect  of  Nef  on  CD4  regulation  can  be  reproduced  in  stably 
transfected  cells  and  that  this  effect  is  not  altered  by  the  presence  or  absence  of 
the  phosphorylation  acceptor  threonine  at  position  15  of  Nef. 

The  previous  findings,  in  agreenent  with  those  of  Andersen  and  colleagues,  and 
Aiken  and  colleagues,  demonstrate  that  most  of  the  extracellular  domain  of  CD4  is 
rot  required  far  downregulaticn  by  Nef  .  Experiments  were  next  performed  to  study 
the  importance  of  the  cytoplasmic  tail  of  CD4  in  the  regulation  of  its  surface 
expression  by  Nef.  Jurkat  cell  clone  22F6  (not  expressing  Nef)  and  133  (expressing 
Nef)  were  transfected  with  ENAs  encoding  the  following  proteins:  VSV-G,  G-CD4,  the 
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entire  CD4  molecule  (CD4)  and  a  construct  expressing  the  extracellular  domain,  the 
transmamfcrane  domain  and  only  the  first  9  amino  acids  of  the  cytcplaanic  domain  of 
CD4  (CD4T-)  (Fig  46A) .  The  endogenous  level  of  CD4  expression  on  these  cell  clones 
was  first  evaluated  and  found  to  be  very  low  (data  not  shown) ,  has  been  found  far 
other  Jurkat  cells.  Thus,  endogenous  CD4  levels  were  taken  into  account  as 
background,  and  further  CD4  surface  expression  was  considered  to  be  the  result  of 
the  transfection  of  the  different  ENAs.  The  results  are  shown  in  Fig  46B.  VSV-G 
expression  was  used  to  control  far  transfection  efficiency.  G-CD4  surface 
expression  was  dcwnnegulated  in  the  Nef  expressing  cells  as  ccrpared  with  cells  that 
did  not  express  Nef,  and  to  a  similar  level  (about  7-fold)  as  compared  to  the 
downregulation  of  CD4  in  these  same  clones.  In  contrast,  CD4T-  surface  expression 
was  not  affected  by  the  presence  of  Nef  and  similar  levels  were  found  cn  the  22F6 
and  133  clones.  These  results  indicate  that  the  cytoplasmic  tail  of  CD4  is  required 
far  Nef  downregulation,  and  that  the  last  23  amino  acids  of  the  extracellular  domain 
plus  the  transmembrane  and  cytoplasmic  domains  of  CD4  are  sufficient  far 
downregulation  by  Nef. 

Tb  define  the  specific  sequences  within  the  CD4  molecule  relevant  far  the 
interaction  of  Nef  with  CD4,  ENAs  encoding  the  following  constructs  were 
cotransfected  into  Nef  expressing  cells  (133)  and  cells  not  expressing  Nef  (22F6)  s 
VSV-G  or  G-CD4  as  negative  and  positive  controls  plus  CD4,  which  has  the  entire  38 
amino  acid  cytoplasmic  CD4  tail,  a  ocnstruct  expressing  on  the  first  30  amino  acids 
of  the  cytoplasmic  tail  of  CD4  (CD4-425) ,  a  construct  ©pressing  only  the  first  23 
amino  acids  of  the  cytoplasmic  tail  of  CD4  (CD4-418) ,  and  a  ocnstruct  expressing 
only  the  first  19  amino  acids  of  the  cytoplasmic  tail  of  CD4  (CD4-414)  (Fig  47A) . 
The  results  are  shown  in  Fig  47B.  Only  those  cells  expressing  the  entire  CD4 
molecule  car  the  ocnstruct  that  included  30  of  the  38  amino  acids  of  the  cytoplasmic 
tail  of  CD4  showed  downregualtion  of  surface  expression  in  the  presence  of  Nef.  Ch 
the  other  hand,  in  the  large  majority  of  cells,  both  the  levels  of  surface  CD4-418 
or  CD4-414  were  similar  when  comparing  the  133  and  the  22F6  clones.  These  results 
indicate  that  the  first  30  amino  acids  of  the  cytoplasmic  tail  of  CD4  are  critical 
far  Nef  downregulation  of  0)4  and  that  the  sequence  between  amino  acids  419  and  425 
of  the  0)4  molecule  contain  amino  acids  relevant  far  the  interaction  of  Nef  with 
0)4.  These  results  were  particularly  interesting  because  these  same  amino  acids 
have  been  shown  to  be  critical  far  the  binding  of  p561ck  to  0)4. 

In  order  to  further  explore  the  role  of  the  lek-binding  region  of  0)4  for  Nef 
mediated  downregulation,  site  specific  mutants  of  0)4  were  utilized.  Using  the  same 
methodology  cotransfections  were  performed  now  with  VSV-G  and  G-0)4  plus  0)4 
constructs  that  included  the  substitution  of  cysteines  with  serines  at  positions  421 
and  423,  critical  far  lek  binding  to  0)4.  As  a  control  a  construct  was  used  with 
a  substitution  of  the  proline  at  position  424  far  a  glycine.  The  results  indicate 
that  amino  acid  substitutions  that  affect  the  binding  of  0)4  to  p561ck  also  affect 
the  downregulation  of  0)4  by  Nef  in  lek-bearing  cells  (Fig  48) ,  again  suggesting 
that  the  interaction  between  Nef  and  0)4  could  be  mediated,  at  least  in  part,  byt 
he  effects  of  Nef  cn  p561ck. 
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Because  it  has  beat  shown  before  that  Nef  downregulation  of  CD4  is  not 
restricted  only  to  lck-bearing  cells,  we  next  examined  the  effects  of  Nef  on  CD4 
surface  expression  in  the  presence  car  basenoe  of  p561ck.  To  do  so,  we  used  ncn- 
lyiphoid  U937  oells  expressing  Nef  car  a  frame-shifted  farm  of  Nef,  and  ootransfected 
these  cells  with  a  ENA  encoding  far  p56lck  car  an  irrelevant  ENA  (H2-CAT)  plus  ENAs 
encoding  far  constructs  G-CD4  or  VSV-G.  p561ck  expression  was  confirmed  by 
iimuncprecipitaticn  with  a  polclcnal  anti-lck  antibody  (data  not  shown).  The 
results  are  shown  in  Fig  48.  In  the  absence  of  lck,  Nef  resulted  in  the 
downregulation  of  G-CD4  in  U937  oells,  but  vhen  lck  was  added  downregulation  of  CD4 
was  increased  by  one  log  in  repeated  experiments  indicating  that  Nef  interaction 
with  p561ck  results  in  a  more  efficient  downregulation  of  CD4. 

To  further  demonstrate  the  interaction  of  Nef  with  p561ck,  the  following 
experiments  were  performed.  Using  the  Jurkat  T-oells  expressing  (133)  or  not 
expressing  Nef  (22F6) ,  and  transfected  with  CD4,  we  examined  if  the  presence  of  Nef 
results  in  a  difference  in  the  binding  of  p561ck  to  Tfty-1.  Normally,  p561ck  will 
bind  in  a  majority  to  CD4,  but  when  CD4  is  internalized  or  in  the  absence  of  CD4, 
most  of  p561ck  remains  at  the  surface  membrane  bound  to  other  proteins  like  Thy-1. 
First,  we  confirmed  that  both  clones  22F6  and  133  contained  the  same  amount  of  Thy-l 
by  iinramqprecipitatian  with  an  anti-Thy-1  antibody  (Fig  5QA) ,  and  then  that  both 
cell  lines  also  contained  the  same  amount  of  p561ck  by  immncprecipitation  with  an 
anti-lck  antibody  (Fig  50B) .  Then,  wa  examined  the  amount  of  p561ck  in  the 
iimuncprecipitates  with  anti-Thy-1.  As  can  be  seen  in  Fig.  50C,  in  the  presence  of 
Nef  (clone  133) ,  the  amount  of  lck  bound  to  Thy-1  was  increased  at  least  4-fold  when 
compared  to  the  ce?  Is  that  did  not  express  Nef  (clone  22F6) .  This  serves  as  further 
proof  that  Nef  has  a  direct  effect  on  the  binding  of  p561ck  with  membrane  moleucles 
like  CD4  although  the  exact  nature  of  this  interaction  is  still  unkcwn. 

Finally,  because  it  is  veil  documented  that  the  interaction  between  p561ck  and 
CD4  is  related  to  the  internalization  of  CD4,  we  examined  the  possibility  that  Nef 
could  also  affect  the  surface  expression  of  CD4  by  this  mechanism.  Lynphocytic 
cell  lines  show  very  low  levels  of  CD4  endocytosis  and  the  steady-state  levels  of 
intracellular  CD4  are  also  decreased  when  ccrpared  with  non-lyiphoid  cells.  A  ten¬ 
fold  lower  rate  of  CD4  endocytosis  is  found  in  lymphoid  oells,  as  compared  to  non- 
lynphoid  CD4  expressing  cells,  due  to  the  effect  of  p56lck  binding  to  CD4.  This 
effect  requires  the  cytopolasmic  domain  of  CD4.  Vfe  used  a  flow  cytometric  method 
to  measure  CD4  internalization  i  the  presence  or  absence  of  Nef.  The  results  are 
shown  in  Fig  50D.  The  presence  of  Nef  resulted  in  an  increase  of  internalized  CD4 
by  2-3-fold  when  a  steady  state  level  was  reached  (30  min) ,  and  an  increase  in  the 
rate  of  CD4  internalization  in  the  first  10  min  from  0. 15% /min  to  0.8%/min. 
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133  30%  32% 

22F6  12%  15% 


Fig  50. 

Table  1.  Percentage  of  internalized  CD4  in  Jurkat  human  T-cells  expressing  Nef 
(clone  133)  or  not  expressing  Nef  (clone  22F6). 
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We  have  also  performed  inmingold/ electron  microscopy  studies  to  map  the 
suboellular  localizaticn  of  Nef .  As  a  prelude  to  these  studies,  we  first  performed 
immunofluorescence  studies  with  a  polyclcnal  anti-Nef  antiserum  cn  nef-  (HPBAIL./LN) 
and  reft  (NPBAIL/InefSN-Sl)  cells.  As  shown  in  Fig  50,  the  cells  are  generally 
round  and  contained  a  large  kidney-shaped  nucleus  that  filled  most  of  the  volume  of 
the  cell.  The  cytoplasm  was  polar  and  was  most  abundant  near  an  indentation  of  the 
nucleus,  typically  seen  in  T  cells.  In  neft  cells,  the  anti-Nef  antibody  revealed 
a  hcmogoenous  labeling  of  the  cytoplasm  (Fig  50A) .  In  general,  the  distribution  of 
Nef  seems  polar,  but  this  is  evidently  due  to  the  polar  distribution  of  the 
cytoplasm;  the  thin  ring  of  the  cytoplasm  surrounding  the  nucleus,  when  visible, 
also  showed  labeling.  The  nuclei,  in  general,  showed  little  or  no  fluorescence  (Fig 
5QA) .  However,  focusing  of  the  nuclei  at  diffemt  planes  revealed  narrow  bands  of 
fluorescneoe  in  sane  nuclei  (Fig  50B) .  These  bands  were  seen  in  8  of  the  89  nuclei 
examined  and  each  nucleus  showed  only  one  band.  The  bands  are  very  faint  and 
required  long  exposure  to  photograph  than.  No  flucresecne  was  observed  in  nef- 
oells  incubated  with  the  anti-Nef  serum  (Fig  50C)  or  in  nef+  cell  s incubated  with 
normal  rabbit  serum  (Fig  50D) ,  although  several  hundred  of  these  cells  were 
examined. 

The  technique  used  for  iimunogold  labeling  was  the  post-embedding  method. 
Fixed  and  dehydrated  cells  are  embedded  in  a  water-soluble  embedding  resin  (LR 
White)  and  sectioned,  and  sections  are  incubated  with  primary  and  secondary  (gold- 
conjugated  antibodies) .  We  have  maintained  three  sets  of  controls  to  ensure  the 
specificity  of  the  antibodies  used.  First,  we  performed  the  iimrunogld  labeling  with 
anti-Nef  antibodies  using  sections  of  HPBALL/LN  control  cells  (nef-) .  As  shewn  in 
Fig  51A,  the  nonspecific  binding  of  the  anti-Nef  antibodies  in  these  cells  was 
negligible.  Second,  as  a  control  far  nonspecific  binding  of  primary  and  gold- 
conjugated  secondary  antibodies,  we  performed  imrunogold  labeling  cn  nef+ 
(HFBALL/LnefSN-Sl)  cells  using  normal  rabbit  antiserum  followed  by  gold-conjugated 
anti-rabbit  antibody.  The  results  illustrated  in  Fig  5 IB  shew  that  neither  the 
rabbit  serum  proteins,  nor  the  secondary  antibodies  bind  nanspecif  ically  to  nef+ 
cells.  Finally,  to  check  far  the  specificity  of  labeling  of  suboellular  structures 
by  inirunogold  labeling  method  used  here,  nef+  cells  were  labeled  with  anti-vimentin 
(intermediate  filament)  specific  antibody.  The  intermediate  filaments  are  readily 
identifiable  cytoplasmic  structures  that  provide  convenient  markers  to  test  the 
resolution  and  specificity  of  iimunogold  labeling.  The  results  illustrated  in  Fig 
51C  show  the  exclusive  distribution  of  label  over  the  10-nm  intermediate  filaments. 
Little  or  no  labeling  in  the  nucleus  was  observed  in  any  of  these  controls.  These 
studies  suggest  that  the  iimunogold  technique  use  here  provides  specif ci  labeling 
of  suboellular  structures. 

When  T  oells  expressing  Nef  (HPBALL/LnefSN-Sl)  were  examined  by  the  iimungold 
labeling  method,  the  results  were  as  follows.  In  a  few  sections  of  the  nuclei,  the 
label  due  to  Nef  was  detected  in  highly  localized  tracks  tnat  extend  between  the 
nuclear  envelope  and  the  nucleoplasm.  Fig  53  illustrates  these  tracks  in  sections 
of  three  different  nuclei  (A-C) .  The  longest  of  the  tracks  measured  abcut  7  urn  (Fig 
53A)  and  the  tracks  appeared  to  ocmenoe/ terminate  at  the  cytoplasmic  side  of  the 
nuclear  envelope  (Fig  53B) .  The  tracks  were  seen  in  only  4  nuclei  among  100 
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examined,  and  serial  sections  revealed  only  cne  trade  per  nucleus.  It  is  possible 
that  these  trades  nay  occur  with  greater  frequency  than  that  observed  but  that  they 
are  not  detectable  due  to  technical  reasons.  The  tracks  occur  in  thin  bands  and 
occupy  a  fraction  of  the  total  nuclear  volume  and,  therefore,  their  detection  wcxild 
depend  on  their  perfect  alignment  to  the  plane  of  sectioning.  In  addition  to  the 
tracks,  a  smal  1  amount  of  label  is  also  found  in  the  nucleoplasm  but  the  nucleoli 
are  totally  free  from  the  label.  These  tracks  may  correspond  to  the  fluorescneoe 
bands  observed  in  a  few  nuclei  by  the  irrnrinoflucresoenoe  method  (Fig  5 IB) .  A 
thorough  examination  of  sections  of  hundreds  of  nuclei  of  nef-  cells  incubated  '  '  *n 
anti-nef  serum  and  nef+  cells  incubated  with  normal  serum  has  failed  to  reveal  _ny 
nuclear  labeling.  In  fact  there  is  only  cne  other  instance  in  published  literature 
oonoeming  a  nuclear  protein  that  farms  tracks  in  the  nucleus.  A  study  by  Meier  and 
Blcbel  has  shown  that  a  nucleolar  phosphoprotein  (Noppl40)  of  rat  liver  cells 
shuttles  on  tracks  that  extend  between  the  nucleolus  and  nuclear  pore  ocnplexes. 
The  Nef  tracks  are  different  from  the  Noppl40  tracks  in  that  they  traverse  the 
nucleoplasm  with  no  relationship  to  the  nucleolus. 


Fig.  2.  Immunofluorescence  analy¬ 
sis  of  Nef*  (HPBALL/Lne/SN-Sl)  and 
Nef"  (HPBALL/LN)  cells  with  antise¬ 
rum  against  Nef.  (A)  Nef*  cells  labeled 
with  the  anti-Nef  antiserum  show  label  in 
the  cytoplasm.  (B)  The  Nef*  cells  labeled 
as  in  A  were  focused  on  the  interior  of  the 
nucleus.  Note  a  fluorescent  band  across 
the  nucleus.  (C)  Nef-  cells  labeled  with 
the  anti-Nef  antiserum  were  not  labeled. 
(D)  Nef’  cells  labeled  with  normal  rabbit 
serum  were  also  not  labeled.  (x800.) 


Fig  51. 


82 


Mechanises  of  Cytotoxicity  of  the  AIDS  Virus 
P.I.:  Lee  Ratner,  M.D.,  Ph.D. 


Contract  No.  EAMD17-90-C-0125 

Basic 


Fig  52. 


Fig.  3.  Electron  micrographs  of  controls  for  the  immunogold 
labeling  technique.  (A)  Nef-  cells  were  incubated  with  polyclonal 
anti-Nef  antiserum  followed  by  gold-coqjugaled  anti-rabbit  antibody. 
Labeling  of  cytoplasmic  and  nuclear  components  is  negligible.  (B) 
Nef*  cells  were  incubated  with  normal  rabbit  antiserum  followed  by 
goat  anti-rabbit  antibody  conjugated  with  gold  particles.  No  nonspe- 
ibeling  of  either  cytoplasm  or  nucleus  is  evident.  (C)  Nef*  cells 
incubated  with  a  monoclonal  anti-intermediate  filament  (vi- 
mentin)  antibody  followed  by  gold-conjugated  (anti-mouse)  second 
antibodies.  The  label  is  seen  over  intermediate  filaments  (IF).  M, 
mitochondrion;  C,  centriole;  N,  nucleus;  Cy,  cytoplasm.  (A,  x8100; 
B,  X8550;  C,  x  19,800.) 


In  the  cytoplasm  (data  not  shown)  the  label  due  to  Nef  was  most  abundant  near 
the  indentation  of  the  nucleus  as  was  the  case  with  cells  processed  by 
imniunofluorescneoe  (see  Fig  51A.) ;  this  region  contained  most  of  the  cell  organelles, 
including  the  microtubule  organizing  center,  Golgi  ccrplex,  and  vesicles. 


It  has  been  hypothesized  that  the  transport  of  FNA  and  proteins  occurs  cn 
specific  tracks  in  the  nucleus,  and  these  tracks  may  be  car-posed  of  cytoskeletal 
filaments  (e.g.  microfilaments,  microtubules,  or  intermediate  filaments) .  To 
determine  if  any  of  these  filaments  farm  tracks  within  the  nucelus  of  T  cells,  we 
have  conducted  inrunogold  labeling  studies  with  anti -tubulin,  anti -vimerrtin ,  and 
anti-actin  antibodies.  The  nuclei  remained  largely  unlabeled  with  either  arrti- 
vimentin  (Fig  51C)  or  anti-tubulin  antibodies  (data  not  shown) .  However,  anti-actin 
antibodies  showed  sane  labeling  of  the  nuclei  (Fig  54) .  Although  not  as  clear  as 
Nef  tracks,  the  label  due  to  act  in  should  a  preferential  alignment  in  the  nucleus. 
Additionally,  short  tracks  of  act  in  were  seen  extending  between  the  nuclear 
envelope  and  the  nucleoplasm  (Fig  54) .  These  results  are  consistent  with  previous 
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biochemical  evidence  fear  the  presence  of  actin  in  rhe  nucleus  and  its  proposed  role 
in  the  shuttling  of  proteins  between  the  nucleus  and  cytoplasm. 


Fig.  4.  Electron  micrograph 
showing  immunogold  labeling  of 
the  nuclei  of  three  different  Nef* 
cells.  Note  the  tracks  of  gold  par¬ 
ticles  extending  from  the  nuclear 
envelope  to  the  nucleoplasm  in  A 
and  B.  (A)  Arrows  mark  the  track 
of  Nef  label.  (B)  The  tracks  of  Nef 
appear  to  originate  in  the  cyto¬ 
plasm  (arrowhead).  (C)  Part  of  the 
Nef  track  at  high  magnification. 
NE,  nuclear  envelope;  Cy,  cyto¬ 
plasm.  (A,  X23.800;  B,  xJO.800; 
C,  x  56,700.) 


The  localization  of  Nef  in  the  nucleus  also  led  us  to  search  for  a  nuclear 
localization  signal  in  the  nef  sequence.  Since  Nef  is  found  in  the  nucleoplasm  and 
not  in  the  nucleolus,  we  focused  cn  localization  sequences  on  nuclecplasmic 
proteins.  Previous  studies  with  Xenopus  oocyte  nuclear  proteins  ( nuclecplasmin  and 
Nl)  have  shewn  that  these  proteins  share  a  bipartite  nuclear  targeting  motif.  The 
motif  consists  a  16-amino  acid  sequence  with  two  basic  residues  at  the  amino 
terminal  end,  10  "spacer1'  residues,  and  a  cluster  of  4  basic  residues  at  the 
carboxyl-terminal  end  (see  below) .  Amino  acids  in  both  basic  domains  are  required 
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far  nuclear  targeting  and  the  transport  defect  of  a  nutation  in  one  domain  is 
amplified  by  a  simultaneous  nutation  in  the  other.  In  addition  to  Xenopus  proteins, 
a  number  of  eukaryotic  and  viral  nuclear  proteins  contain  this  motif.  The  SF2  clone 
of  Nef  used  here  also  shares  this  motif: 

Nuclecplasmin  KRpaatkkagpa  KKKK 
Thyroid  alphal  KRvakridieqn  ReRRR 
Mef-SF2  KRsmggwsaire  RrrRR 

The  presence  of  the  nuclear  targeting  sequence  may  be  required  but  not  sufficient 
far  the  nuclear  localisation  of  Nef.  Indeed,  a  substantial  fraction  of  Nef  appears 
to  be  cytoplasmic  associated  with  organelles  and  cytoskeletal  elements,  suggesting 
that  it  may  disrupt  host  cytoplasmic  activities.  It  is  still  possible  that  a 
fraction  of  Nef  has  a  nuclear  fucnticn  that  is  yet  to  be  identified. 


Fig.  5.  Electron  micrograph  showing  immunogold  labeling  of  the 
nucleus  of  Nef+  cells  with  a  monoclonal  anti-actin  antibody.  In  the 
nucleus  the  actin  label  shows  preferential  alignment  along  tracks. 

Unset )  Short  track  of  actin  label  near  the  nuclear  envelope  (NE). 

(X27.000;  Inset ,  x  46,800.) 

Fig  54 

f)  To  determine  the  role  of  Nef  in  HIV-2  and  SIV  replication 

Experiments  on  the  replication  of  SIVmacl02  and  SIVmac239  Nef+  and  Nef-  clones 
have  been  oanpleted. 

g)  To  determine  the  role  of  Nef  in  vivo  with  animal  model  systems 

The  SIVma''239  clones  used  far  our  analysis  of  Nef  have  already  been  studied  by 
Desrosiers  and  colleagues  in  rhesus  macaques,  and  these  investigators  demonstrated 
that  Nef  was  critical  far  pathogenciity.  Our  studies  in  vitro  with  those  virus 
strains  and  with  the  HIV-2  strains  should  provide  important  information  in 
explaining  this  finding.  One  possibility  is  that  Nef  is  required  far  establishment 
of  a  state  of  "latency"  in  vivo,  and  that  in  the  absence  of  Nef,  infected  cells  are 
rapidly  lost  due  to  lysis  or  iimxne  clearance. 
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Studies  in  scid-hn  mice  with  the  HIV-1  clones  were  perfanned  after  the  initial 
studies  outlined  in  l.i.  However,  insufficient  funds  were  available  to  oanplete 
this  task  due  to  severe  budgetary  cuts  in  the  last  six  months  of  the  project. 

h)  Tt>  determine  the  role  of  Nef  in  modulating  manifestations  of  HIV-1  infection 

Blood  samples  from  48  patients  were  analyzed  far  imnunological  markers.  CD4+ 
lymphocyte  counts  ranged  from  0  to  1280/mrr  (mean  352/mrf;  normal  range  1000- 
1500/imr) ;  CD4  percentage  ranged  frxxn  0  to  52%  (mean  20%) ;  CD8+  percentage  ranged 
from  22  to  85  (mean,  55%) ;  and  CD4/CD8  ratio  ranged  from  0  to  1.81  (mean  0.21) .  Hie 
subjects  are  listed  in  Fig  55  according  to  increasing  CD4+  lymphocyte  counts. 

As  shown  in  Fig  56,  HIV  ENAs  ware  detected  with  nested  sets  of  PCR  primers. 
The  locations  of  primers  within  the  HIV  genome  and  relative  to  each  other  are  shewn 
in  Fig  56B-D.  Primer  pairs  far  gag  and  pol  were  designed  to  amplify  unspliced  ENAs 
(Fig  56B) ,  and  primer  pairs  far  env-spliaed  (Fig  56C) ,  tat  (Fig  56D) ,  nef  (Fig  56D) 
and  nef -sequence  (using  primers  STB  and  NefAS  in  the  first  round  and  primers  8306 
and  9134  in  the  second  round.  Fig  56E)  were  designed  to  amplify  spliced  mENA. 
Whereas  primers  far  env^-genanic  are  capable  of  amplifying  both  unspliced  and  single- 
spliced  transcripts,  primers  far  env-spliced  amplify  only  spliced  env  mENA.  TVro 
different  sets  of  primers  were  utilized  far  nef  mRNA  which  amplify  products  of  108 
fcp  (nef)  or  828  fcp  (nef -sequence) .  For  ENA  preparations  in  which  HIV-specific 
transcripts  were  not  detected,  the  quality  of  the  ENA  was  confirmed  by  ET-FCR  with 
beta-actin  primers  (Fig  56E) . 

The  results  of  the  nested  PCR  assays  far  HIV  ENA  with  seven  different  sets  of 
primers  are  shown  in  Fig  55.  Of  the  48  patient  samples  that  were  analyzed  with  all 
7  sets  of  nested  primers,  45  (93.8%)  were  positive  with  at  least  1  set  of  HIV- 
specific  primers.  The  three  samples  in  which  no  HIV-1  transcripts  were  detected 
were  obtained  from  patients  with  CD4  cell  counts  of  383  ,  587,  and  902/mrf, 
respectively.  None  of  the  latter  patients  had  received  antiretroviral  therapy. 

When  nested  primers  were  used  far  the  detection  of  unspliced  ENAs,  the  gag 
primer  set  yielded  29  or  48  (60%)  positive  results,  the  pol  nested  primer  set 
yielded  30  of  48  (63%)  positive  results,  and  the  env-genanic  nested  primer  set 
yielded  31  of  48  (65%)  positive.  All  of  these  primer  sets  should  detect  unspliced 
ENA,  whereas  the  env-genanic  primer  set  should  also  detect  spliced  env  RNA  species. 
There  was  good  correlation  between  the  results  with  gag  and  pol  primer  sets,  with 
23  samples  yielding  positive  results  with  both  primer  sets,  6  samples  yielding 
positive  results  with  the  gag  primer  set  but  not  the  pol  primer  set,  and  7  samples 
yielding  positive  results  with  pol  primer  set  tut  not  the  gag  primer  set. 
Discordances  may  be  due  to  sequence  variation  at  sites  of  binding  of  individual 
primers.  TWenty-two  samples  were  positive  with  env-gencmic  primers  as  well  as  both 
gag  and  pol  primer  sets,  5  samples  were  positive  with  env-genanic  primers  and  gag 
or  pol  primer  sets,  4  samples  were  positive  with  env-genanic  primers,  but  neither 
gag  nor  pol  primers,  and  11  samples  negative  with  env-genanic  primers  were  positive 
with  gag  and/or  pol  primers. 
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Table  1 .  Immunological  Measurements  and  Polymerase  Chain  Reaction  Results  on  Patient  Cohort 


Patient 

No. 

CDC 

class 

Immunological 

AVT“ 

PCS  results 

CD4  + 
(No.) 

CD4 

(%) 

CD8 

(No.) 

CDS 

(%) 

T4IT8 

gag 

pol 

env 

(genomic) 

env 

{ spliced) 

tat 

nef 

nef-seq 

1 

C3 

0 

0 

223 

62 

0.0 

Yes 

4 

4 

4 

- 

- 

- 

— 

2 

C3 

0 

0 

529 

55 

0.0 

Yes 

4 

4 

4 

4 

- 

- 

- 

3 

C3 

6 

7 

37 

41 

0.16 

Yes 

+ 

4 

4 

- 

- 

- 

- 

4 

B3 

8 

1 

424 

51 

0.02 

Yes 

+ 

4 

+ 

4 

- 

4 

- 

5 

C  3 

8 

1 

178 

22 

0.04 

Yes 

4 

4 

4 

4 

- 

- 

- 

6 

C3 

10 

5 

119 

57 

0.08 

4 

4 

4 

- 

- 

- 

- 

7 

C3 

23 

2 

897 

79 

0.03 

- 

4 

4 

4 

- 

- 

4 

8 

B3 

24 

2 

722 

59 

0.03 

Yes 

4 

- 

- 

- 

- 

- 

- 

9 

B3 

32 

5 

486 

76 

0.07 

Yes 

+ 

+ 

4 

- 

- 

4 

- 

10 

B3 

62 

4 

1287 

83 

0.05 

+ 

4 

+ 

- 

4 

4 

- 

11 

B3 

86 

8 

713 

66 

0.12 

+ 

- 

- 

- 

- 

- 

- 

12 

B3 

105 

5 

990 

47 

0.11 

Yes 

+ 

- 

- 

- 

- 

+ 

- 

13 

A3 

137 

6 

1938 

85 

0.07 

- 

- 

- 

- 

- 

+ 

4 

14 

A3 

177 

12 

854 

58 

0.21 

Yes 

- 

+ 

+ 

- 

- 

4 

- 

15 

B3 

185 

19 

614 

63 

0.30 

- 

- 

4 

+ 

- 

+ 

4 

16 

B3 

191 

11 

1180 

68 

0.16 

+ 

+ 

4 

+ 

- 

- 

4 

17 

B3 

195 

21 

492 

53 

0.40 

+ 

+ 

+ 

- 

+ 

4 

- 

18 

A2 

255 

16 

894 

56 

0.29 

- 

- 

- 

+ 

- 

+ 

4 

19 

B2 

259 

16 

875 

54 

0.30 

+ 

+ 

4 

- 

- 

4 

- 

20 

A2 

281 

15 

1161 

62 

0.24 

+ 

+ 

+ 

+ 

- 

+ 

- 

21 

A2 

297 

25 

654 

55 

0.45 

- 

+ 

+ 

- 

- 

- 

- 

22 

B1 

306 

29 

444 

42 

0.69 

- 

- 

+ 

+ 

- 

- 

- 

23 

B2 

333 

17 

1420 

58 

0.29 

- 

+ 

- 

+ 

- 

+ 

- 

24 

B2 

336 

28 

576 

43 

0.65 

+ 

+ 

- 

- 

- 

4 

- 

25 

A2 

358 

23 

935 

60 

0.38 

+ 

+ 

+ 

- 

- 

+ 

- 

26 

B2 

365 

28 

770 

59 

0.47 

+ 

- 

+ 

+ 

- 

+ 

+ 

27 

A2 

370 

22 

959 

57 

0.39 

+ 

4 

4 

+ 

- 

- 

- 

28 

B2 

370 

14 

1614 

61 

0.23 

+ 

+ 

+ 

+ 

- 

- 

- 

29 

B2 

383 

25 

826 

54 

0.46 

- 

- 

- 

- 

- 

- 

- 

30 

A2 

390 

29 

685 

51 

0.57 

- 

- 

- 

- 

- 

+ 

- 

31 

A2 

392 

30 

626 

48 

0.63 

- 

- 

- 

+ 

- 

- 

- 

32 

A2 

408 

17 

1392 

58 

0.29 

Yes 

+ 

+ 

4 

4 

4 

4 

- 

33 

A2 

421 

20 

1221 

58 

0.34 

- 

- 

3- 

+ 

- 

- 

- 

34 

A2 

424 

16 

1962 

74 

0.22 

+ 

4 

- 

4 

4 

4 

35 

C2 

426 

36 

463 

39 

0.92 

+ 

4 

- 

- 

- 

- 

- 

36 

A2 

434 

29 

763 

51 

0.57 

+ 

4 

4 

4 

- 

4 

- 

37 

A2 

460 

31 

728 

49 

0.63 

4 

- 

- 

- 

- 

- 

- 

38 

A2 

490 

28 

998 

57 

0.49 

4- 

4 

- 

4 

~ 

4 

4 

39 

A 1 

535 

25 

1214 

59 

0.44 

4- 

4 

4 

- 

- 

4 

4 

40 

A 1 

560 

32 

980 

56 

0.57 

- 

- 

- 

4 

- 

- 

- 

41 

Bl 

564 

18 

1942 

62 

0  29 

4- 

4 

- 

- 

“ 

4 

- 

42 

A 1 

569 

19 

2065 

69 

0.28 

- 

4 

4 

4 

- 

- 

- 

43 

Bl 

587 

26 

1331 

59 

0.44 

- 

- 

- 

- 

" 

- 

44 

Bl 

647 

33 

902 

46 

0.72 

4 

- 

- 

- 

- 

- 

45 

A 1 

686 

26 

f  399 

53 

0,49 

Yes 

4 

4 

- 

- 

- 

46 

A 1 

822 

31 

1405 

53 

0.59 

4 

- 

4 

- 

-■t 

■+ 

47 

A 1 

902 

52 

520 

30 

1.73 

- 

- 

- 

- 

- 

48 

A 1 

1280 

49 

706 

27 

1.81 

4 

- 

- 

*  AVT,  anliviral  therapy:  ves.  patients  were  known  to  have  been  on  therapy  within  the  previous  ft  months,  blanks  indicate  patient 
had  not  been  on  therapy 


Fig  55 
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FIG.  I.  HIV-1  RNA  RT-PCR  analysis.  (A)  The  schematic 
drawing  of  the  HIV-1  genome  is  shown  with  the  nucleotide 
positions  relative  to  the  RNA  initiation  site  indicated  above. 
Genes  encoding  structural  proteins  and  regulatory  protein?  are 
indicated  separately.  (B)  The  unspliced  transcript  that  encodes 
Gag  and  Pol  proteins  is  indicated  as  well  as  the  positions  of  the 
nested  primer  sets  in  each  gene.  Arrows  indicate  positions  of  the 
primers,  and  the  designation  for  each  primer  is  shown  in  the  box 
above  or  below  the  arrow.  Nucleotide  positions  of  the  primers 
are  indicated  outside  the  boxes.  The  predicted  sizes  of  the 
products  of  the  nested  PCR  reactions  are  underlined  and  indi¬ 
cated  below  the  boxes.  In  the  case  of  env-genomic  products,  the 
actual  product  size  was  22  bp  larger  than  the  genome  locations 
would  indicate  because  of  the  addition  of  1 1  bp  on  eacc  ,'imer, 
including  an  EcoRI  restriction  enzyme  siic.  (C)  The  single- 
spliced  transcript  encoding  Env  and  Vpu  products  is  indicated 
with  the  dotted  line  indicating  the  intron  that  is  removed  by 
splicing.  The  nested  env-genomic  primers  are  indicated,  as  well 
as  the  env-spliced  primers.  (D)  The  multiple-spliced  transcripts 
are  represented  by  a  schematic  showing  one  of  the  tat  mRNAs. 
in  each  case,  the  first  round  of  PCR  was  performed  with  primers 
SI  and  SI  I  shown  in  the  5'-  and  3'-most  exons  The  second 
round  of  PCR  was  performed  with  primers  S4B  (for  tat  mRNAs) 
orS7B  (for  nef  mRNAs),  both  of  which  span  the  first  splice  site, 
and  with  primer  LA41 ,  found  in  the  3' -most  exon.  The  predicted 
nested  PCR  product  sizes  for  tat  and  nef  transcripts  arc  under¬ 
lined  and  indicated  to  the  right  (E)  Reaction  conditions  for  PCR 
arc  listed 


Fig  56 

When  nested  sets  of  primers  were  used  far  the  detection  of  spliced  R^As,  the  env 
spliced  priner  set  yielded  21  or  48  (44%)  positive  results,  the  tat  set  yielded  3 
or  48  (6.2%)  positive  results,  nef  primers  yielded  28  of  53  (53%)  positive  resul  ,a 
rri  the  nef -sequence  primer  set  yielded  9  of  48  (19%)  positive  results. 
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Discrepancies  between  the  two  different  nef  primer  sets  may  be  due  to  sequence 
heterogeneity,  as  well  as  to  the  lower  sensitivity  of  the  nef  sequence  primer  set 
ocnpared  tot  lie  nef  primer  set. 


Table  2.  Kendall  Tau  b  Correlation  Analysis  Between  Presence  oe  HIV-i  rna 
Transcripts  and  Immunological  Parameters 


Correlation  coefficient  (P) 


Gene 


CDC*  Cf)Ch 

CD4  CM  (%)  CDS  CDS  (%)  CD4ICDS  din  clinlCD4 


JW? 

-0.25 

-0.24 

-0.18 

(0.03) 

(0.05) 

(0.13) 

pot 

-0.17 

-0.25 

0.02 

(0.16) 

(0.04) 

(0.88) 

env-gen 

-0.22 

-0.29 

-0.07 

(0.06) 

(0.02) 

(0.56) 

nef 

0.09 

0.006 

0.20 

(0.94) 

(0.96) 

(0.09) 

nef-seq 

-0.08 

-0.02 

0.21 

(0.95) 

(0.87) 

(0.08) 

-0.02 

-0.21 

0.36 

0.38 

(0.90) 

(0.08) 

(0.01) 

(0.003) 

0.09 

-0.22 

0.16 

0.16 

(0.47) 

(0.06) 

(0.25) 

(0.22) 

0.20 

-0.27 

0.12 

0.13 

(0.1  I) 

(0.02) 

(0.40) 

(0.31) 

0.10 

0.009 

-0.27 

—0.15 

(0.43) 

(0.94) 

(0.05) 

(0.24) 

0.28 

-0.04 

-0.09 

-0.05 

(0.02) 

(0.72) 

(0.53) 

(0.71) 

“CDC  classification  of  HIV  infection  based  on  clinical  status.  Categories  are  ( 1 )  asymptomatic 

(2)  symptomatic.  non-AIDS,  and  (3)  AIDS-indication  illness. 

hCDC  classification  of  HIV  infection  based  on  clinical  status  and  CD4  cell  count  Above 
categories  are  subdivided  into  three  groups:  CD4  count  >500/mm3.  200-499/mm1  and  <200/ 
mm  . 


Fig  57 

Kendall  Tau  be  correlation  coefficient  and  p  values  of  significant  inverse 
oarrelaticns  ware  detemined  between  results  of  transcript  detection  and 
inmunological  parameters  and  clinical  parameters.  Fig  57  shows  the  results  of  these 
calculations  for  transcripts  that  either  approaches  car  attained  statistical 
significance  when  correlated  with  various  iimunolcgical  parameters.  Statistical 
significance  (at  the  level  of  p<0.05)  was  achieved  in  the  correlation  of  gag 
transcripts  with  CD4  aell  count,  CDC  clinical  stage,  and  CDC  clinical/CD4  stage,  pol 
transcripts  with  CD4%,  env-genonic  transcripts  with  CD4%  and  nef -sequence 
transcripts  with  CD8%, 

Sequences  from  nef  transcripts  from  7  patients  have  been  determined  and  a 
single  expression  clone  from  each  patient  derived  for  functional  studies.  In 
addition,  we  examined  the  evolution  of  the  nef  gene  in  sequentially  derived  samples 
of  adults  infected  with  HIV-1.  Since  the  nef  protein  is  partially  encoded  by 
sequences  within  the  U3  region  of  the  3'LTO,  and  the  dual  functions  of  these 
overlapping  sequence  may  place  additional  con.  araints  on  nef  evolution,  the  current 
analysis  examined  sequences  from  the  entire  U3  region  as  well.  The  current  study 
is  novel  in  that  sequences  are  derived  from  early  as  well  as  late  stages  of  disease, 
unlike  several  previous  studies  of  nef  and  LIR  evolution. 
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Pour  subjects  (S1-S4)  were  identified  from  whan  peripheral  blood  mcruclear 
cells  (FEMES)  were  obtained  over  a  2. 5-4. 5  yr  period.  The  first  time  point  (A  or 
D)  was  selected  at  the  earliest  time  after  seroconversion  when  the  CD4+  lyirphocyte 
count  was  >9 00 /rut?.  The  intermediate  time  points  (B)  sere  selected  when  the  CD4+ 
lynphocyte  count  was  4 00-8 00 /W.  The  last  time  point  (C  or  G)  was  selected  at  a 
time  when  the  CD4+  lymphocyte  count  was  <400/mrf.  The  same  samples  were  used  in  an 
earlier  study  examining  sequence  variation  in  the  V3  coding  domain  of  env. 

ENA  was  isolated  from  the  uncultivated  FEMES,  and  PCR  was  performed  with  a 
nested  set  of  primers.  PCR  products  were  digested  with  Hind  III,  and  cloned  into 
pUC9.  Eic^it  independent  clones  were  selectived  and  coplete  sequence  analysis 
performed  on  both  ENA  strands  of  the  plasmids  by  the  dideaxy  sequencing  method.  Thq 
polymerase  induced  errors  or  other  cloning  associated  errors  cortributed  minimally 
to  the  sequence  diversity  noted  in  this  study,  based  on  control  experiments 
measuring  the  nucleotide  misinoorpcraticn  and  recanbination  rates  generated  under 
our  PCR  amplification  conditions,  in  agreement  with  previous  studies. 

Predicted  amino  acid  sequences  for  Nef  are  shown  for  each  of  the  four  subjects 
in  Fig  58.  The  first  sequence  obtained  from  each  subject  art  the  earliest  available 
time  point  is  shown,  and  differences  in  other  clones  from  the  same  subject  are 
indicated  below. 

levels  of  nucleotide  and  amino  acid  sequence  diversity  are  shown  in  Fig  59. 
In  addition  to  the  level  of  seq'jenoe  diversity  in  the  entire  nef  gene,  tabulations 
were  performed  separately  for  the  5' portion  of  nef  which  does  net  overlap  the  HER, 
and  the  3'particn  of  nef  which  overlaps  the  UR.  Intraperiod,  interperiod,  and 
interpatient  diversity  were  also  determined. 

At  the  earliest  time  point,  0-1.3%  nef  nucleotide  and  0-3.2%  amino  acid 
diversity  was  noted  far  subjects  SI,  S2,  and  S4  (Fig  59) .  No  early  time  point 
samples  were  available  for  S3.  At  later  time  points,  0.4-3. 5%  nucleotide  and  0.6- 
6.3%  amino  acid  sequence  varaiticn  was  noted.  Though  subjects  SI  and  S4 
demonstrated  higher  levels  of  sequence  variation  at  late  points  compared  to  the 
earliest  time  points,  sequences  far  subject  S2  showed  ocnparable  level  of  diversity 
at  time  points  A  and  C. 

Interperiod  diversity  was  higher  than  intraperiod  diversity,  with  1.2-6. 5%  nef 
nucleotide  and  2.7-13.8%  amino  acid  variation  (Fig  59) .  Intrapatient  diversity 
was  generally  higher  than  intrapatient  diversity,  with  5.8-10.8%  nef  nucleotide  and 
10.7-20.3%  amino  acid  diversity. 

Sequence  diversity  within  Nef  was  not  uniform  over  the  length  of  the  predicted 
protein  product.  The  initiator  methionine  codon  was  conserved  in  all  sequences 
described  in  Fig.  58,  and  all  previously  reported  sequences  except  one.  Glutamic 
acid  residues  at  positions  62-65  were  well  conserved,  as  previously  reported,  but 
substitutions  with  glycine,  lysine,  or  aspartic  acid  residues  are  noted  in  clones 
49-50,  and  53-80.  A  tetrad  repeat  of  proline  residues  at  residues  69-78  were 
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altered  in  only  a  few  instances  (clones  10  and  36) ,  and  were  noted  previously  to  be 
conserved.  A  Gly-Pro-Gly  sequence  at  residues  130-132,  similar  to  that  in  the  V3 
loop  of  the  HIV-1  envelope  and  predicted  to  farm  a  beta-turn,  were  also  well 
conserved  (except  clone  25) ,  as  previously  noted. 

Many  of  the  Nef  amino  acid  alterations  arising  over  time  in  each  subject  were 
similar  to  those  described  in  comparisons  between  different  infected  subjects  (Fig. 
58) .  A  protein  kinase  C  phosphorylation  site  at  Thr-15  was  frequently  altered  to 
Ala  (clones  9-19,  21-25,  29-37),  Lys  (clones  49-50  and  70),  or  Arg  (clones  64  ,  65, 
68  ,  69  ,  71-80) ,  as  previously  reported.  The  presence  of  Thr  at  this  position 
abrogates  transcriptional  effects  of  Nef,  but  does  not  affect  the  ability  to 
downregulate  cell  surface  CD4  expression.  This  residue  is  located  within  a  highly 
polymorphic  region  of  Nef,  including  amino  acids  8-15  (clones  5-11,  16,  18  ,  53-57, 
60-80)  (21,  68) ,  which  has  also  been  implicated  as  a  nuclear  localization  signal. 
A  potential  protein  kinase  phosphorylation  site  has  also  been  described  at  Thr-80, 
within  conserved  residues  77-82  (except  clones  63-66,  68-72,  and  74-80)  but  it 
remains  to  be  demonstrated  that  this  residue  is  actually  phosphcrylated.  The 
potential  casein  kinase  II  phosphorylation  site  noted  at  residues  157-160  in  24  of 
54  sequences  reported  by  Shugars  et  al,  is  altered  in  all  clones  described  in  Fig. 
58.  The  potential  tyrosine  kinase  recognition  site  at  positions  94-102  noted  in  36 
of  54  sequences  of  Shugars  et  al.  and  7  of  60  sequences  of  Delassus  et  al.  is 
present  in  29  of  the  63  Nef  protein  sequences  in  Fig.  1.  Gly-99,  previously  shown 
to  be  important  far  Nef  stability  was  altered  to  Arg  in  clones  5-8  and  10-11. 

Met-20,  which  may  serve  as  an  internal  initiator  codon,  was  wall  conserved, 
altered  to  lie  in  only  clones  16  and  18.  A  variable  duplication  has  been  described 
far  residues  23-25  and  is  noted  in  clones  1-8.  Cys-142  was  previously  shewn  to  be 
important  for  Nef  stability  and  was  completely  conserved  in  the  sequences  analyzed 
here  and  previously.  In  contrast,  Cys-168,  shewn  by  Zazcpoulos  and  Haseltine  to  be 
important  for  Nef  activity  was  present  only  in  clone  53,  and  in  none  of  the  60 
clones  analyzed  by  Delassus  et  al.  Cys-55,  which  was  not  found  to  be  required  far 
Nef  activity  was  well  conserved,  entered  only  in  clone  8.  Asn-127,  a  potential 
glyoosylation  site  noted  by  Guy  et  al,  but  not  thought  to  be  critical  for  Nef 
activity  was  conserved  in  all  sequences  except  clone  36,  and  all  60  sequences 
reported  by  Delassus  et  al. 

Several  novel  and  potentially  important  amino  acid  changes,  which  were  not 
previously  reported,  were  noted  in  this  study.  Alteration  of  Gly-2  to  cys  in 
predicted  Nef  products  from  clones  61  ard  62  alter  the  myristylaticn  acceptor  signal 
of  Nef.  These  alterations  should  prevent  myristylaticn,  which  is  important  for  Nef 
membrane  and  cytoskeletal  association,  cell  surface  CD4  dcwnregulation,  and 
suppression  of  HIV  transcription.  Other  novel  amino  acid  substitutions  wane  noted 
at  positions  12  (Arg  in  clones  16  and  18) ,  19  (Gly  in  clones  1-4) ,  21  (Asn  in  clones 
9,  12-19,  21-25,  29-37),  38  (Gly  in  clones  21,  22,  24,  25  and  33-36),  85  (Fhe  in 
clone  5-8  and  10-11) ,  86  (Tyr  in  clones  6-7) ,  92  (Asn  in  clone  19) ,  102  (Trp  in 
clones  1-8  and  11) ,  120  (His  in  clones  1-4,  Phe  in  clones  5-8  and  11) ,  128  (Ala  in 
clone  31  and  Ser  in  clones  53-65,  67,  and  69) ,  139  (Cys  in  clones  53-72  and  77-80) , 
159  (Arg  in  clone  8,  Glu  in  clone  21-25),  and  201  (Lys  in  clones  1-4,  16,  ard  18) 

Premature  stop  codons  have  been  noted  frequently  at  position  124  in  previous 
studies,  including  6  of  54  sequences  described  by  Shugars  et  al.  Though  premature 
stop  codons  were  net  identified  at  position  124  in  the  current  study,  a  premature 
stop  codon  was  noted  in  clone  24  at  position  141,  ard  premature  step  codons  arose 
at  positions  92  (clone  35)  ard  100  (clones  73-76)  as  a  result  of  frameshift 
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nutaticns.  Premature  stop  codons  were  noted  at  positions  22,  57,  84,  and  104  in 
HIV-1  Nef  and  at  position  93  of  SIVtaac239  nef.  Premature  stop  oodcns  have  also  been 
reported  within  the  open  reading  frames  of  HIV-1  sequences  far  tat,  rev,  pol,  and 
env. 


The  analysis  of  Nef  sequence  variation  in  this  study  and  V3  envelope  sequence 
variation  from  the  same  patient  samples  allows  a  direct  comparison  of  the  results. 
In  both  cases,  intrapatient  intraperiod  diversity  was  generally  lower  than 
intrapatient  interperiod  and  interpatient  diversity.  Furthermore,  higher  levels  of 
intraperiod  diversity  were  generally  identified  at  later  time  points  as  compared  to 
the  earliest  time  point  far  each  subject.  Similar  results  were  obtained  when  Nef 
sequences  from  adults  with  primary  HIV-1  infection  were  compared  to  those  obtained 
from  their  HIV-1  infected  sexual  partners,  and  when  Nef  sequences  derived  from  HIV-1 
infected  PEM2  transcripts  from  individuals  with  >450  CD4  lymphocytes/nm?  were 
compared  to  those  firm  individuals  with  <450  CD4  lymphocytes /nm3 . 

Studies  of  V3  envelope  diversity  have  consistently  shown  increasing  levels  of 
sequence  diversity  from  early  times  of  infection  to  later  stages  of  disease. 
Moreover,  V3  sequence  heterogeneity  was  found  to  be  lower  in  infected  neonates 
compared  to  that  in  their  infected  mothers  and  in  adults  with  primary  infection 
compared  to  their  infected  sexual  partners.  In  addition,  several  studies  have  shown 
lower  levels  of  interpatient  V3  envelope  sequence  diversity  among  HIV-1  clones 
obtained  early  after  infection,  compared  to  that  found  at  later  times  of  disease. 
Sequences  obtained  within  a  few  months  after  infection  were  highly  homologous  with 
the  North  American  consensus  V3  envelope  sequence  and  sequences  determined  to  be 
important  far  regulation  of  HIV-1  infection  of  macrophages .  In  contrast, 
intraperiod  Nef  sequence  variation  did  not  always  increase  in  magnitude  over  the 
course  of  disease  in  vivo,  as  shown  by  the  results  with  subject  2  of  this  study. 
Moreover,  interpatient  Nef  sequence  diversity  at  the  earliest  time  points  was 
comparable  to  that  identified  at  later  time  points  (not  shown) . 

Nucleotide  sequences  are  provided  in  Fig.  60  for  a  portion  of  the  3'IUR 
(nucleotides  -228  to  +79,  numbered  relative  to  the  RNA  initiation  site)  from  all  80 
clones  of  the  four  subjects.  This  includes  sequences  downstream  of  the  nef 
termination  codon  at  positions  -124  to  -122 ,  NFkB  binding  sites  at  -104  to  -95  and  - 
90  to  -81,  SP1  binding  sites  at  -77  to  -68,  -65  to  -57,  and  -54  to  -46,  TATA 
sequence  at  -27  to  -24,  the  TAR  stem  1  at  +1  to  +29,  the  TAR  loop  at  +30  to  +35,  the 
TAR  stem  2  at  +36  to  +58,  and  the  polyadenylaticn  signal  at  +74  to  +79. 

Sequence  diversity  in  the  portion  of  the  LIR  following  nef  is  comparable  to  the 
portion  of  the  12®  overlapping  nef,  as  well  as  the  portion  of  nef  preceding  the  HER 
(Fig  59) .  At  the  earliest  time  points,  intrapatient  intraperiod  diversity  for  the 
portion  of  the  HER  following  nef  was  0-1.9%.  At  the  later  time  points,  intrapatient 
intraperiod  diversity  was  0.3-2. 9%.  Intrapatient  interperiod  diversity  for  this 
portion  of  the  UR  was  0. 4-3.7%,  lower  than  that  found  for  nef.  Interpatient 
diversity  was  3. 1-6.7%,  lower  than  that  found  for  nef. 
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The  cellular  transcripticn  factor,  NF-kappa  B,  recognizes  the  motif  GGGGAdTOC, 
which  occurs  twice  in  the  HIV-1  IHR.  Pettersscn  and  Schaffner  have  demonstrated 
synergistic  activation  of  transcripticn  by  multiple  binding  sites  compared  to  that 
found  with  a  single  binding  site.  These  sites  mediate  responses  to  T-oell  and 
macrophage  activation  signals,  as  well  as  viral  gene  products  from  herpesviruses, 
and  other  retroviruses.  Substitution  of  C  at  position  6  with  A  (clone  61)  is 
predicted  to  have  no  effect  since  this  matches  the  NF-kappa  B-binding  site  in  the 
beta  interferon  gene  promoter.  However,  substitutions  at  position  3  (clone  68) ,  and 
position  7  (clones  14  and  68)  are  mere  likely  to  disrupt  NF-kappa  B  binding. 
Naturally  occurring  HIV-1  isolates  with  deletions  and/cr  duplications  in  the  NF- 
kappa  B  binding  site  have  been  described  previously. 

The  cellular  transcripticn  factor,  Spl,  recognizes  an  assymetric  decanucleotide 
sequence,  (G/T) GQGOQGPuPuPy .  The  affinity  of  binding  of  Spl  to  this  site  is 
determined  by  the  match  of  the  given  sequence  to  the  consensus  sequence.  A  single 
Spl  site  can  activate  transcripticn,  and  although  site  HI  (distal  site)  has  the 
highest  affinity  far  binding  Spl,  it  is  clear  that  sites  I  and  II  are  important  in 
activation  of  transcription  from  the  HIV-1  promoter.  Transversicns  at  specific 
nucleotides  may  or  may  not  have  significant  effects  on  transcripticn.  Single  G  to 
C  transversion  mutations  at  positions  4,  6,  7,  or  8  reduce  the  binding  of  Spl, 
although  a  G  to  T  transversion  at  position  7  is  acceptable,  as  seen  in  site  IH  with 
clones  9  and  10  from  subject  1,  and  all  clones  from  subject  2.  Guanines  at 
positions  3,  4,  6,  and  9  are  hic£ily  preferred,  but  purines  at  positions  2  and  8  are 
equivalent.  Positions  1  and  10  within  each  binding  site  have  the  greatest 
flexibility,  and  multiple  mutations  are  found  at  these  positions  in  site  III  in 
clones  from  subject  4. 

The  TATA  sequence  at  nucleotides  -27  to  -24  is  required  for  correct  viral  ENA 
initiation  and  serves  as  a  binding  site  for  several  cellular  factors.  In  addition 
it  mediates  transactivation  by  a  cytomegalovirus  immediate  early  protein.  Mutation 
of  the  highly  conserved  T  at  position  3  in  this  motif  as  is  found  in  clones  1-8,  11, 
43-48,  78,  and  80  is  predicted  to  significantly  reduce  the  binding  activity  of  this 
motif. 

TAR  is  a  cis-acting  ENA  element  localized  to  nucleotides  +18  to  +44.  Tat 
function  requires  direct  interaction  with  TAR.  The  TAR  element  is  a  stem-loop 
structure  with  a  6  nucleotide  loop,  and  a  bulge  in  the  stem  below  the  loop.  The 
loop  is  not  required  far  Tat  binding,  but  is  essential  for  Tat  function,  and  is 
conserved  in  all  the  clones  shown  in  Fig.  60.  The  bulge  structure  in  TAR  (U,,CU)  is 
essential  for  Tat  binding,  and  deletion  of  the  bulge  markedly  reduces  Tat  binding 
in  vitro. 

Specific  nucleotides  are  required  far  optimal  Tat-TAR  recognition,  and  these 
include  U^,  as  veil  as  nucleotides  17,  28,  32,  and  34.  The  G^-C^  and  A^-U*  base 
pairs,  located  just  above  the  bulge,  are  extremely  important  for  binding  and 
function,  and  are  generally  highly  conserved.  Subjects  1  and  3  in  the  present  study 
have  a  conserved  UCU  bulge  and  26-39  and  27-38  base  pairs  except  in  clone  9,  which 
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has  a  C  to  T  transversicn  in  the  middle  of  the  bulge,  as  is  found  in  several  other 
HIV-1  isolates  previously  described.  TAR  bulge  sequences  in  clcnes  frcm  subject  2 
exhibit  the  same  C  to  T  transversicn  with  the  exception  of  clone  20,  and  clone  15 
which  has  a  CUU  bulge  sequence.  Subject  4  has  conserved  sequences  throughout  the 
TAR  structure,  except  in  the  lower  part  of  the  stem,  with  G  to  A  transversions  at 
site  15  in  clcnes  71  and  72.  A  previous  study  of  Tat  and  TAR  frcm  sequential 
patient  sanples  found  no  consistent  alteration  in  activity  with  disease  progression. 

The  AAUAAA  polyactenylaticn  signal  at  nucleotides  +74  to  +79  is  important  far 
viral  RNA  processing.  The  U  residue  at  position  3  of  this  motif  is  oarpletely 
conserved  among  eukaryotic  polyadenylaticn  signals,  and  thus  deletion  or 
transversicn  to  C  as  seen  in  several  clcnes  is  likely  to  abrogate  its  function. 
However,  the  presence  of  cryptic  polyadenylaticn  sites  elsewhere  in  the  3  'LTR  can 
not  be  excluded. 

In  contrast  to  several  previous  studies,  large  deletions,  insertions,  and 
rearrangments  were  found  in  several  clcnes  (Fig.  60) .  Clones  73-76  had  deletions 
of  nucleotides  -228  to  -5,  and  clones  77-80  had  deletions  of  nucleotides  -228  to  - 
39.  Clones  51  and  52  exhibited  an  insertion  of  novel  sequences  in  place  of  those 
at  positions  -129  to  +20  and  -278  to  +25,  respectively.  The  inserted  sequences  did 
not  closely  match  each  otter,  any  otter  HIV-1  sequences,  or  any  sequences  available 
in  Genbank.  In  contrast,  clones  43-48  exhibited  a  novel  rearrangement  in  which  the 
HER  sequences  have  been  replaced  by  a  repeated  sequence  corresponding  to  R-U5 
sequences.  These  HER  alterations  are  not  likely  to  be  a  consequence  of  an 
artifact  related  to  PGR  ac  cloning,  since  very  similar  deletions,  insertions,  and 
rearrangements  were  noted  when  different  PCR  primers  were  utilized  with  these  same 
patient  sanples,  but  not  otter  patient  samples.  It  should  be  noted  that  these 
alterations  were  only  noted  in  last  time  point  from  two  of  the  four  subjects,  and 
in  none  of  the  earlier  time  points.  Delassus  et  al  also  noted  deletions  in  2  of  60 
clcnes.  It  is  unclear  whether  such  gross  sequence  alterations  in  nef/IHR  relate 
directly  to  disease  progression  car  longer  duration  of  disease  in  vivo.  If  so,  this 
could  represent  a  selection  far  mare  disparate,  perhaps  ncn-functional  nef/UER 
sequences  during  the  course  of  disease.  Alternatively,  these  sequences  may  have 
arisen  frcm  a  lack  of  selective  forces  which  nay  have  been  present  at  earlier  stages 
of  disease  for  preservation  of  nef/UTR  function. 

The  plasticity  of  the  HIV-1  gencme  has  been  extensively  described  and  is  due 
bo  reverse  transcriptase  misccpying,  duplication,  deletion,  recombination,  and 
hypermutaticn.  These  effects  provide  the  virus  the  ability  to  respond  to  selection 
pressures  and  adapt  to  the  local  environments.  The  pattern  of  sequence  evolution 
in  nef  and  LTR  sequences  is  clearly  different  from  that  previously  characterized  for 
the  portion  of  env  encoding  the  V3  loop.  Detailed  sequence  analysis  of  both  regions 
of  the  HIV-1  genome  using  the  same  patient  samples  provides  a  useful  ocrparison. 
Though  progressive  sequence  heterogeneity  was  identified  in  V3  encoding  env 
sequences  for  all  three  subjects,  progressive  sequence  diversity  in  the  nef/KER 
region  was  noted  far  only  two  of  the  three  subjects  for  whom  these  data  were 
available,  burthermore,  V3  encoding  env  sequences  at  the  earliest  time  points  from 
different  subjects  exhibited  very  similar  predicted  amino  acid  sequences  within  the 
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V3  locp,  similar  to  those  previously  defined  as  the  North  American  consensus 
sequence  and  also  demonstrated  to  be  important  for  defining  ncn-syrcytia-inducing, 
macrophage-tropic  isolates.  In  contrast,  interpatient  acrparisons  of  nef/IHR 
sequences  from  the  earliest  time  points  resulted  in  no  greater  global  or  regional 
similarities  than  interpatient  ocrpariscns  of  sequences  from  later  time  points. 
These  findings  suggest  independent  sequence  evolution  far  the  env  V3  domain  and  the 
nef/IITR  region,  most  likely  reflect  different  selective  forces. 
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i)  lb  determine  the  therapeutic  role  of  Nef  in  down-regulatim  HIV-l 

Since  Nef  has  been  shown  to  be  a  pathogenic  factor  in  SlVtoac  in  rhesus 
macaques,  our  goal  in  this  regard  is  altered.  Insufficient  funds  were  available  to 
further  pursue  this  task,  due  to  drastic  budgetary  cuts  in  the  last  six  months  of 
the  project. 

(7)  CDNcuusiais 

The  studies  of  Vpr  have  shown  that  this  protein  is  critically  important  for 
productive  infection  in  monocytes.  In  addition,  Vpu  may  functionally  ocrplement  the 
activity  of  Vpr.  The  mechanise  of  action  of  Vpr  and  the  domains  critical  for  this 
activity  were  defined. 

The  studies  of  Vpx  have  focused  on  the  mechanism  of  packaging  of  Vpx  into  virus 
particles.  This  has  led  to  the  very  interesting  observation  of  an  association  of 
Vpx  with  gag  p24.  This  provides  specific  ideas  about  the  mechanism  of  Vpx  activity. 

The  studies  of  Nef  have  clearly  demonstrated  an  effect  on  NF-kB  and  API 
activity.  The  effects  fire  shown  to  be  specific  by  the  lack  effect  on  other 
traicdcriptional  factors,  including  SP1,  URS,  and  USF.  Moreover,  we  have  found  that 
these  effects  are  functionally  important  with  regards  to  HIV-1  transcription  and  IL2 
expression.  It  is  likely  that  a  cannon  mediator  in  signal  transduction  is  affected 
by  Nef. 

We  have  also  found  that  Nef  interacts  with  the  cellular  cytoskeletcn  and  that 
this  interaction  depends  upon  Nef  myristoylaticn.  This  may  provide  specific  clues 
to  the  way  Nef  interrupts  signal  transduction  and  down-regulates  cell  surface  CD4 
expression. 

Studies  of  nef  sequences  from  patients  at  different  stages  of  disease  have 
shewn  no  major  alterations  in  the  gene  early  during  HIV-1  infection,  but  frequent 
insertions,  deletions,  or  rearrangements  at  late  stages  of  disease.  This  may  have 
important  implications  concerning  the  role  of  Nef  in  disease  progression. 
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Monocytes  and  tissue  macrophages  present  a  target  tor  human  immunodeficiency  virus 
type  1  (HIV-1)  infection  in  vivo  in  diverse  tissues,  including  brain,  spinal  cord,  lung,  and 
lymph  node,  as  documented  by  electron  microscopy,  immunohistochemistry,  and  in  situ 
RNA  hybridization  methods  (Gendelman  et  al.  1989).  The  potential  importance  of  mac¬ 
rophage  infection  in  AIDS  is  supported  by  the  central  role  of  infected  macrophages  in 
the  pathogenesis  of  other  lentivirus  infections  (e.g.,  visna-maedi  and  equine  infectious 
anemia  virus),  in  which  the  macrophage  is  believed  to  act  as  a  silent  reservoir  of  virus 
throughout  the  course  of  subdinical  infection  and  disease  (Narayan  and  Clements 
1989).  Despite  these  observations,  however,  profound  differences  have  been  observed 
in  the  abilities  of  various  HIV-1  isolates  to  infect  and  replicate  in  primary  monocytes  cul¬ 
tured  in  vitro  (Gartner  et  al.  1986;  Koyanagi  et  al.  1987;  Gendelman  et  al.  1988).  The 
focus  of  this  work  therefore  has  been  to  identify  molecular  determinant(s)  within  the  HIV- 
1  genome  that  control  its  ability  to  utilize  primary  monocytes  as  a  host  cell  in  vitro. 

For  these  studies,  we  have  employed  the  ADA  HIV-1  isolate  (Gendelman  et  al. 
1988),  which  replicates  to  high  levels  in  primary  monocytes;  the  HXB2  proviral  clone 
(Fisher  et  al.  1985),  which  is  incapable  of  monocyte  infection  in  vitro;  and  a  full-length 
molecular  HIV-1  clone,  Yu2,  isolated  from  infected  brain  tissue  without  prior  passage  in 
vitro  (Y.  Li  et  al.,  in  prep.).  DNA  derived  from  an  ADA-infected  monocyte  culture  was 
used  to  isolate  a  partial  molecular  ADA-M  clone,  consisting  of  a  3.5-kb  Sad-Sad  frag¬ 
ment  spanning  env,  nef,  and  vpu,  and  portions  of  tat,  rev,  and  the  3' long  terminal 
repeat  (LTR)  (Fig.  1).  Sequence  analysis  demonstrated  that  each  of  these  ADA-ivi  open 
reading  frames  was  intact  and  of  full  length,  with  80-92%  predicted  amino  acid  se¬ 
quence  homology  relative  to  HXB2  (not  shown). 

To  study  the  biological  properties  of  the  ADA-M-encoded  genes,  all  or  portions  of  the 
3.5-kb  clone  were  exchanged  for  analogous  HXB2  sequences  to  generate  a  panel  of 
full-length,  recombinant  HXADA  clones  (Figs.  1  and  3).  Virus  stocks  generated  from 
these  clones  by  transfection  of  SW480  or  COS-7  monolayers  were  used  to  infect  pri¬ 
mary  peripheral  blood  lymphocyte  (PBL)  or  monocyte  cultures.  Virus  replication  was 
monitored  by  serial  determination  of  reverse  transcriptase  (RT)  activity  in  culture  super- 
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Figure  1 

ADA-M  molecular  cloning  and  recombinant  constructs*.  Wirt  supernatant  DNA  was  isolated  from 
an  ADA-infected  primary  monocyte  culture,  digested  with  Sad,  ligated  into  Sad-d igested  X-ZAP 
arms,  and  packaged  to  generate  a  phage  library.  Plaques  (2.5  x  10  )  were  screened  with  a  labeled 
3.5-kb  Sad-Sad  fragment  from  HIV-1  done  HXB2,  spanning  env,  net.  and  vpu,  and  portions  of  tat, 
rev,  and  the  3'  LTR  as  diagramed.  A  single  positive  plaque  was  isolated,  from  which  a  phagemid 
was  excised  and  shown  to  contain  a  3.5-kb  Sad-Sad  insert  (shaded  box).  The  ADA-M  clone  was 
subcloned  into  a  plasmid  containing  HXB2-derived  Sat  l-Sad  and  Sad-Xbal  adaptor  sequences 
(open  box).  The  Sa/I-X6al  fragment  containing  the  ADA-M  partial  clone  was  then  subcloned  into  an 
HXB2gpt2  plasmid  lacking  these  sequences  to  generate  a  full-length  recombinant  done,  HXADA- 
SS  The  3.5-kb  ADA-M  clone  was  subdivided  further  to  generate  the  panel  of  recombinant  HXADA 
clones  shown  in  Fig  3 


natants.  "Silent  infection"  of  monocyte  cultures  that  failed  to  generate  levels  o.'  progeny 
virion  release  detectable  by  RT  assay  was  determined  ultimately  by  virus  recovery  fol¬ 
lowing  cocultivation  with  fresh,  uninfected  PBLs  at  24  days  postinfection. 
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Figure  2 

Replication  of  HIV-1  molecular  clones  in  primary  monocytes  and  virus  recovery  by  PBL  cocultiva¬ 
tion.  Data  from  three  representative  clones  (Yu2.  HXADA-GG.  and  HXB2),  each  of  which  demon¬ 
strated  a  distinct  replication  phenotype  in  primary  monocytes,  are  shown.  Virus  stocks  were 
prepared  by  transfection  of  50%  confluent  SW480  or  COS-7  cells  with  10  jig  of  pro  viral  DNA  by  the 
caldum  phosphate  method.  Filtered  1 ,0-ml  culture  supernatant  aliquots  harvested  at  60  hr  post¬ 
transfection  were  used  to  inoculate  primary  monocyte  monolayers.  Monocytes  were  purified  by 
elutriation  of  leukophoresis  preparations  obtained  from  normal  donors  and  plated  7  days  prior  to  in¬ 
fection  in  24-well  plates  at  a  density  of  200,000  cells  per  well.  Monocytes  were  maintained  in  AIM-V 
medium  (GIBCO)  supplemented  with  10%  heat-inactivated  normal  human  serum  and  1000  du/ml 
rM-CSF.  Virus  replication  was  monitored  by  serial  determination  of  RT  adivity  in  culture  super¬ 
natants.  At  24  days  postinfedion,  cells  were  washed  three  times  with  phosphate-buffered  saline 
(PBS)  prior  to  the  addition  of  1  million  fresh  uninfeded  PBLs,  which  were  purified  by  centrifugation 
onto  Ficoll,  stimulated  with  PHA  (14  pg/ml),  and  grown  in  RPMI  medium  supplemented  with  10% 
heat-inadivated  fetal  calf  serum,  4  mM  glutamine,  and  50  units/ml  r!L2  for  4  days  prior  to  cocultiva¬ 
tion.  Following  2  days  of  monocyte/PBL  cocultivation,  nonadherent  cells  were  removed  by  vigorous 
pipetting  and  maintained  in  PBL  growth  medium  for  an  additional  14-21  days.  Virus  recovery  onto 
PBLs  was  determined  by  measurement  of  RT  activity  in  culture  supernatants. 


HXB2,  Yu2,  and  each  of  the  HXADA  clones  generated  high  levels  of  replication  in 
PBLs  (more  than  1  million  cpm/ml  RT  activity;  not  shown).  However,  three  distinct 
replication  phenotypes  were  observed  in  primary  monocytes  (Fig.  2).  Virus  derived  from 
the  Yu2  clone  rapidly  achieved  high  levels  of  replication  that  were  sustained  throughout 
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the  24-day  culture  period  in  monocytes,  a  phenotype  designated  productive  infection.  In 
contrast,  neither  HXB2  nor  the  recombinant  HXADA  clones  generated  detectable  levels 
of  virus  replication  in  monocyte  cultures.  However,  virus  was  recovered  consistently  fol¬ 
lowing  PBL  cocultivation  with  monocyte  cultures  infected  with  HXADA  clones  that 
shared  a  580-bp  ADA-M-derived  env  sequence  encoding  amino  acids  240-435  of  the 
mature  gp120  protein.  The  phenotype  of  monocyte  infection  without  subsequent  virus 
replication  detectable  by  RT  assay  has  been  designated  silent  infection.  Virus  was  never 
recovered  from  monocyte  cultures  infected  with  clones  in  which  this  env  element  was 
derived  from  HXB2  sequences,  despite  the  inclusion  of  flanking  ADA-M-derived  se¬ 
quences  encoding  nef,  vpj,  or  the  U3  portion  of  the  3'  LTR.  This  phenotype  has  btea 
designated  no  infection,  although  the  possibility  of  a  noninducible  latent  infection  by 
these  clones  has  not  been  excluded  rigorously  at  present.  These  data  are  summarized 
in  Figure  3. 

On  the  basis  of  these  experiments,  it  is  apparent  that  three  distinct  phenotypes  of 
virus  replication  are  observed  in  primary  monocytes  using  molecularly  defined  HIV-1 
clones.  A  productive  infection  leads  to  rapid  generation  of  high  levels  of  virus  replication, 
as  seen  with  the  Yu2  clone,  as  well  as  with  the  original  ADA  isolate  and  other  primary 
HIV-1  isolates.  Silent  infection  of  monocytes,  similar  to  that  described  by  other  investi¬ 
gators  using  primary  isolates  (Valentin  et  al.  1990),  is  observed  with  certain  recombinant 
HXADA  clones  and  is  characterized  by  a  lack  of  detectable  replication,  despite  con¬ 
sistent  virus  recovery  from  monocytes  after  extended  periods  in  culture  by  cocultivation 
with  a  sensitive  target  cell  type. 

Finally,  HIV-1  clones  such  as  HXB2  appear  incapable  of  infecting  primary 
monocytes,  as  indicated  by  our  inability  to  rescue  virus  from  these  cells  by  cocuhivation 
with  PBLs.  A  580-bp  env  sequence  derived  from  the  ADA-M  done,  encoding  the  V3  loop 
and  CD4-binding  domain  of  gp120,  is  both  necessary  and  sufficient  to  convert  the  no  in¬ 
fection  phenotype  of  HXB2  to  that  of  mlent  infection. 

Although  these  data  clearly  implicate  env  as  a  critical  determinant  for  HIV-1  infection 
of  primary  monocytes,  an  obvious  discrepancy  exists  between  the  productive  infection 
phenotype  of  the  ADA  isolate  and  that  of  the  HXADA  clones  that  contain  env  sequences 
derived  from  that  isolate  but  fail  to  replicate  to  high  levels  in  monocytes.  To  account  for 
this  discrepancy,  we  propose  two  alternative  models.  According  to  the  first  model,  env 
would  be  suffident  for  infection  of  primary  monocytes,  but  additional  genetic  elements 
would  be  required  to  attain  high  levels  of  virus  replication.  Since  the  ADA-M  clone  util¬ 
ized  in  these  studies  comprised  less  than  half  of  the  HIV-1  genome,  it  is  reasonable  to 
speculate  that  other  viral  genes,  such  as  vpr  or  vif,  could  act  in  conced  with  env  to  regu¬ 
late  the  virus  life  cycle  in  primary  monocytes.  Alternatively,  it  is  possible  that  env  acts  as 
the  sole  determinant  of  HIV-1  infection  and  replication  in  monocytes.  In  this  scenario,  dif¬ 
ferences  in  replication  phenotype  would  reflect  various  degrees  of  adaptation  to 
monocytes  encoded  in  the  critical  env  determinant  of  various  clones,  with  the  Yu2  and 
HXB2  clones  situated  at  opposite  ends  of  a  continuous  spectrum.  The  inability  of 
spedfic  HXADA  clones  to  generate  high  replication  levels  in  monocytes  could  be  ex¬ 
plained  by  this  model  if  the  virus  from  which  the  molecular  clone  was  derived,  a  com¬ 
ponent  of  a  presumably  heterogeneous  primary  isolate,  is  postulated  to  have  been  only 
’moderately  adapted"  to  monocyte  replication. 

Additional  studies,  including  the  construction  of  recombinants  from  the  Yu2  clone, 
are  under  way  to  address  these  possibilities  and  to  identify  the  steps  in  the  HIV-1  life 
cycle  that  are  regulated  in  the  expression  of  these  replication  phenotypes  in  primary 
monocytes.  An  understanding  of  the  molecular  basis  of  both  silent  and  productive  HIV-1 
infedion  of  monocytes  in  vitro,  facilitated  by  the  use  of  molecularly  defined  clones,  will 
provide  valuable  insight  into  the  viral  components  of  such  complex  and  poorly  un¬ 
derstood  phenomena  in  vivo  as  disease  latency  and  progression  to  AIDS. 
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The  nef  gene  is  conserved  among  all  human  and  simian  lentiviruses.  However,  the  amino  acid  similarity 
between  simian  immunodeficiency  virus  (SIV)  and  human  immunodeficiency  virus  type  I  NEF  is  only  38%.  To 
assess  the  role  of  SIV  NEF  on  virus  replication  and  compare  its  activity  with  that  of  its  human  immunodefi¬ 
ciency  virus  type  1  counterpart,  we  examined  the  activity  of  an  intact  nef  gene  from  proviral  clone  pSIV  102, 
an  isolate  from  SIV-MAC-251-infected  cells.  Proviral  clone  pSIV  BA  was  constructed  by  introducing  a 
premature  termination  codon  at  codon  40  of  the  nef  gene  without  altering  the  predicted  amino  acid  sequence 
of  the  overlapping  env  gene.  These  two  clones  were  transfected  into  CD4-  COS  cells,  and  virus  replication  was 
monitored  by  p27  enzyme-linked  immunosorbent  assay  kits.  In  seven  independent  experiments,  clone  pSIV  BA 
afforded  two-  to  sixfold  greater  levels  of  viral  antigen  compared  with  those  in  clone  pSIV  102  and  two-  to 
sixfold-increased  levels  of  viral  mRNAs  as  indicated  with  Northern  (RNA)  blot  and  Si  nuclease  protection 
analyses.  Nuclear  run-on  assays  demonstrated  a  two-  to  threefold  increased  rate  of  RNA  synthesis  with  nuclei 
isolated  from  cells  transfected  with  pSIV  BA  compared  with  that  front  cells  transfected  with  pSIV  102.  In 
contrast,  there  was  no  apparent  destabilization  of  SIV  mRNAs  by  NEF,  as  measured  in  dactinomycin-treated 
cells.  This  study  demonstrates  that  SIV  NEF  is  a  negative  regulator  of  virus  replication  and  acts  by  suppressing 
the  level  of  mRNA  synthesis  and  accumulation  in  COS  cells. 


Simian  immunodeficiency  virus  (SIV)  is  closely  related  to 
human  immunodeficiency  virus  types  1  (HIV-1)  and  2 
(HIV-2)  (5.  25).  Both  SIV  and  HIV  include  an  open  reading 
frame  at  the  3'  end  of  their  genomes,  the  protein  product  of 
which  has  been  named  negative  factor  (NEE)  (8).  There  is 
considerable  amino  acid  sequence  polymorphism,  up  to 
17%  .  among  (he  nef  gene  products  of  different  HIV-1  strains 
(22.  26).  However,  there  is  a  62%  ammo  acid  sequence 
difference  between  the  NEF  proteins  of  SIV  and  those  of 
HIV-1  1  Fig.  1).  Moreover.  SIV  NET-’  contains  250  amino 
acids,  whereas  HIV-1  NEF  contains  only  206  amino  acids. 
Although  nel  is  not  required  for  virus  replication  or  cyto- 
palhic  effects  in  cultured  cells  (6).  the  gene  has  been  con¬ 
served  within  all  HIV  and  SIV  genomes,  which  suggests  that 
NIT  serves  an  important  function 

We  and  others  have  found  that  HIV-1  NIT-  suppresses 
virus  replication  (1.  2.  9,  16.  20.  24.  28).  NET-  mediates  this 
suppression  at  the  level  of  viral  transcription  (1.  24 1.  How¬ 
ever.  others  have  been  unable  to  demonstrate  this  negative 
etlect  1  Is.  19i.  indicating  that  NET  effects  may  be  extremely 
sensitive  to  experimental  conditions. 

In  this  siudv.  the  role  of  SIV  NIT-  on  the  replication  of 
SI 3'  MAC  was  examined  in  the  CD4  COS  cell  line  Al¬ 
though  SIX  and  HIV-1  NIT  proteins  have  onlv  vx' ,  se¬ 
quence  similuiiH.  the  (wo  proteins  mediate  dow nregnlation 
ol  v  u  us  production  by  suppressing  the  rate  of  v  iral  transcrip 
lion  and  mRNA  accumulation.  SIV  nef  positive  and  -nega 
live  pi ov  iial  clones  will  he  useful  in  assessing  the  phvsio- 
logic  role  ol  Ni  l  m  macaques  infected  with  virus  derived 
tiom  these  clones  |  In-,  animal  model  mav  then  contribute  to 
out  mulct  standing  ol  viral  latency  in  vivo. 


*  * 
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MATERIALS  AND  METHODS 

DNA  clones.  Clone  PK102  (kindly  provided  by  B.  Hahn. 
University  of  Alabama  al  Birmingham  School  of  Medicine) 
contains  a  full-length  SIV  genome  cloned  into  bacteriophage 
lambda  gt  wes  (14).  Lambda  PK102  DNA  was  digested  with 
/•a  oRl  and  cloned  into  the  EVoRI  site  of  the  plasmid  expres¬ 
sion  vector  pSV2gpt  (21)  to  produce  clone  pSIV  102  ERL. 
This  clone  has  four  Sad  sites,  two  in  the  SIV  genome 
(nucleotides  |nt]  5731  and  9208)  and  two  in  the  cellular 
flanking  sequences.  Clone  pSIV  102  SDS  was  obtained  from 
pSIV  102  ERL  by  removing  the  3.5-kb  ,SVicl  fragment  and 
destroying  the  two  .Surf  sites  in  the  flanking  sequence  by 
excising  the  0.3-kb  sequence  between  the  two  sites  and 
annealing  a  Sul\-Stn  I  adapter  that  destroys  the  .Surf  site.  A 
full-length,  proviral  clone  with  an  intact  nef  gene.  pSIV  102. 
was  constructed  bv  returning  the  3.5-kb  .S’rrul  fragment  to 
clone  pSIV  102  SDS. 

To  generate  a  nel  mutant  proviral  clone  that  is  otherwise 
isogenic,  the  3. “'-kb  Sat  i  fragment  was  subcloned  into  the 
plasmid  vector  pl’C19  (Pharmacia)  to  form  pCC19-SIV  3.5. 
Polymerase  chain  reaction  mutagenesis  was  performed  with 
a  primer  overlapping  the  Bgl II  site  (lit  9100)  and  a  mutant 
primer  overlapping  the  Aw Jl  site  (nt  9184).  Ci(i  Kit  i  A  AC  i  A  1 
i iv i.\ i  CT i  ACiC  AA  I  CCC  I  A(i(iA(i(i.  which  o.  nt.uns  a 
(  -to- 1  transition  and  a  (to- A  trails  vers  ion.  w  Inch  introduce 
a  termination  codon  at  tut  ammo  acid  position  4(1  without 
altering  the  amino  acid  sequence  of  the  overlapping  <  n  1  gene 
(fig.  2l  I  he  nucleotide  changes  also  eliminated  the  Bam  ill 
site  at  nt  917(1  bv  converting  the  sequence  (iCIAIVC  to 
(i(i  \l(  I  1  lie  mutation  was  confirmed  bv  restriction  en¬ 
zyme  digestion  and  sequence  analysis.  In  addition,  sequence 
analysis  ol  the  entire  net  gene  of  clones  pSIV  102  and  pSIX 
BA  confirmed  that  no  additional  cloning  artifacts  had  oc¬ 
curred.  I  fie  mutant  Bell  I  .1 1  r f  I  (ragmen!  was  substituted 
into  the  corresponding  sites  in  pi  (  SIX'  L5.  I  he  mutant 
3.5-kb  Htn  I  fiagmenl  from  pUC  SIX'  3.5  was  inserted  into 
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Site  of  PKC  Phosphoryphorylat ion 

Myri stoy 1  a t Ion  Site 

HIV-1  HCC - KUSKSSVIGUPTV-RERMRRAEPAAD . CVC-  -AASRDi.EKH  4 0 

III  N  II  II  III 

SlVmac  MCCAlSHRRSKPACDUtQKLLFAPGETYCRLLCEVEDCSSQSLGCLCKCLSSRSCECQ  58 
HIV-1  CAITSS- -  NTAANNAACAULEAQ . EEEKVGFPVTPQVPLRPKTi'KAA  84 

ii  i  i  mi  mi 

SIVaac  KYNQGQYKNT  PVRN  PAEEK  EK  LAYRKQNMDD I DEEDDDLVCVSVRPKV  PLRAMTYK  LA  117 
HIV- I  VDLSHFLKEK  GCLECLIHSQRRQD! LD  LWltfHTQCYFPDWQS^TPGPGIRYPLTFC  140 

i  mu  i  nm  i  ii  m  i  mi  n  iiimi  m 

SlVmac  1DMSHFIKEK  GGLF.CI  YVSARRRR  I  LD  KYLEKEECI I PDUQDYTSCPC I RYPKTFC  172 
HIV- 1  WRYKLVPVEPEKLEEANKGENTSLLHPVSLHCHDDPEREVLG-WRFDSRLAFHHVARE  198 

i  mu  i  m  m  i  i  ii  i 

SlVmac  ULUKLVPVNVSDEAQEDERHYLHQPAQTSKV- -DDPUCEVLIAVKSDPTLA’jTYEAYV  231 


HIV-1  LHPEYFKNC  206 

II 

SlVmac  RYPEELEASQACQRKRI.EKG  2S0 

KIG.  1.  Amino  acid  alignment  of  the  NEF  proteins  derived  from 
HIV-1  (HXI42 Agpt  [24.  26)1  and  SIV  isolate  102  (derived  from  SIV 
MAC-251  |22|).  Based  on  this  alignment,  there  is  a  48 Or  sequence 
similarity  between  HIV-1  NEF  and  SIV  NEF  Both  forms  of  NEF 
may  be  myristoylaled  and  share  sequence  similarity  to  the  nucleo¬ 
tide  binding  domain  of  G  proteins  (boxed  sequences). 


clone  pSIV  102  SDS  to  generate  the  nef- negative  clone  pSIV 
BA. 

The  chloramphenicol  acetyltransferase  (CAT)  expression 
plasmid  pSV2CAT  was  described  previously  (10).  The  actin 
cDNA  clone  was  kindly  provided  by  J.  Milbrandt  (4).  The 
Alu\  probe  was  derived  from  a  c -sis  genomic  clone.  pL33M 
(17).  The  neomycin  resistance  gene  (two)  expression  clone 
pCB6  utilizes  the  simian  virus  40  early  promoter  to  express 
nco  rnRNA  and  was  kindly  provided  by  Evan  Sadler. 
Howard  Hughes  Medical  Institute. 
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f  l(i  2  (  nnsliiktiofi  or  net  mnl.mt  clone  pSIV  H  \  tioni  v\«i»l 
tv  pc  clone  pSIV  If »2.  A  picm.Huic  lei nun.ition  codon  v\.iv  , ■  n e i 
nccrcd  nl  codon  40  of  the  net  gene  hy  using  poKiner.ise  ch.nn 
reliction  site-directed  mutagenesis  \Mlh  a  synthetic  oligonucleotide 
spanning  the  mutated  region.  The  truncated  Ni  l-  piotcin  cont.uns 
only  the  first  V)  amino  acids,  hut  the  I  NV  protein  Is-  uiKdU'vted  h\ 
the  mutation  since  env  and  nef  lie  in  different  reading  frames 
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DNA  transfection  and  cells.  COS-7  cells  arc  derived  bum 
African  green  monkey  kidney  cells,  which  do  not  express 
CIM  molecules  at  the  cell  surface  and  therefore  cannot  be 
infected  by  SIV.  These  cells  were  used  because  they  are 
easily  transleeted  and  provide  a  system  for  examining  the 
role  ol  net  in  a  system  not  complicated  by  the  possibility  of 
multiple  rounds  of  reinfection  by  viruses  generated  during 
transfection. 

I’rovira!  DNAs  for  transfections  were  purified  (wive  by 
cesium  chloride  density  centrifugation.  DNA  concentration 
was  determined  by  optical  absorption  measurements  and 
confirmed  by  using  agarose  gel  electrophoresis  with  ethid- 
ium  bromide  staining.  DNA  clones  were  transfected  by 
diluting  the  DNA  in  4.5  ml  of  Dulbecco  modified  Eagle 
medium  (DME)  and  adding  0.5  ml  of  a  DEAE-dextran 
solution  containing  70  ml  of  DME.  25  ml  of  !  M  Tris  (pH 
7.3).  and  5  ml  of  25-mg/ml  DEAE-dextran  (Sigma  Chemical 
Co.).  After  the  DNA  solution  was  mixed,  it  was  added  to  60 
to  80%  confluent  COS-7  cells  on  100-mm  tissue  culture 
plates.  After  4  h,  the  DNA  solution  was  replaced  by  5  ml  of 
100  p.M  chloroquine  (Sigma)  in  DME  supplemented  with 
10%  fetal  calf  serum,  50  U  of  penicillin  per  ml.  50  gig  of 
streptomycin  per  ml.  and  1  mM  pyruvate  (DME-S).  After  2 
h.  the  cells  were  shocked  for  2.5  min  at  room  temperature 
with  2  ml  of  10%  dimethyl  sulfoxide  in  DME-S.  washed  with 
phosphate-buffered  saline  (PBS),  and  cultured  with  DME-S 
at  37°C  in  a  5%  CO.  atmosphere. 

Detection  of  p27*°*core  protein.  Cell-free  supernatants  of 
transfected  COS  cells  were  analyzed  according  to  the  pro¬ 
tocols  of  the  manufacturers  with  a  SIV  p27  enzyme-linked 
immunosorbent  assay  (ELISA)  kit  (Coulter)  or  an  HIV-1  p24 
kit  (Abbott)  w-ith  significant  immunological  cross-reactivity 
for  SIV-MAC  p27-‘-'"‘-'  antigen. 

Detection  of  SIV  proteins.  At  60  h  posttransfection.  COS 
cells  were  metabolieally  labeled  for  6  h  with  500  pCi  of 
[ "Sjmethionine  and  ["SJcysteine  (ICN:  specific  activity. 

•1.000  Ci/mmol)  in  3  ml  of  methionine-  and  cy  steine-free 
DME  supplemented  with  5%  dialyzed  fetal  calf  serum.  Cells 
were  washed  and  harvested  by  scraping  in  PBS.  and  the  cell 
pellet  was  solubilized  in  750  pi  of  protein-solubilizing  buffer 
(0.1%  SDS.  0.5%  deoxycholate.  1.0%  Triton  X-100  (Sigma | 
in  PBS ) .  A  200-pl  aliquot  of  solubilized  cells  was  precleared 
with  uninfected  macaque  serum  and  then  irimum  ptectpi 
tated  with  2  pi  of  serum  from  an  Si V-intecled  macaque 
(kindly  provided  by  R.  Desrosicrs.  New  England  Primate 
Research  Center).  Immunoprecipitales  were  washed  and 
subjected  to  7. 4  to  20%  gradient  sodium  dodecyl  still. tic 
(SDS)-polyacry  larv.ide  gel  electrophoresis  (PAGE i.  I  he  gels 
were  fixed,  enhanced  with  Amplify  (Aniersham).  dried,  and 
exposed  to  Kodak  XAR-5  film  at  ‘X)  C 

RNA  analyses,  (i)  Northern  blot  analysis.  COS  cells  were 
washed  with  PBS  and  harvested  by  scraping,  and  RN  X  w.ts 
isolated  as  described  previously  (3).  RNA  was  elcn.it it t cel  at 
66  O  for  10  min.  elcctrophoresed  on  a  1.3%  agarose  toim 
aldehyde  gel.  and  transferred  lea  a  Nitropliis  2000  hybridiza¬ 
tion  membrane  (Micron  Separations  Inc. I.  Filters  were 
baked  in  vacuo  at  80  C  for  00  min  and  prehy  bt idized  lot  2  Ii 
in  50%  formanndc-5  ■  SSC  (1  ■  SSC  is  0.15  M  NaCI  plus 
0016  M  sodium  citrate)- 1%  SDS-MI  mM  NaPO,  (pH 

. 6 1- -5  ■  Denhardt  metlium-200  pg  of  yeast  (RNA  pc;  ml  -50 
|tg  of  sheated  salmon  sperm  DNA  per  ml.  Filters  were 
piobed  For  18  h  at  37  C  with  random  hexamer  printer-labeled 
Fragments  generated  from  the  internal  4.6  kh  Sat  I  fragment 
Iron!  clone  pSIV  102  or  fiom  the  2.0-kh  ////id 111  Iragmem  of 
the  actin  cDNA  clone.  Fillets  were  washed  three  times  at 
66  C  in  0.5  •  SSC-0.1%  SDS  anti  exposed  to  Kodak  XAR-5 
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film  at  -90°C.  Ten  percent  of  the  cells  were  saved  for  CA  T 
activity  analysis. 

(ii)  SI  nuclease  protection  assay.  DNA  probes  were  con¬ 
structed  by  digesting  clone  pSIV  102  with  Stul.  isolating  the 
590-bp  fragment  extending  from  nt  369  to  959,  and  end 
labeling  with  |y-i:PJATP  (1CN;  specific  activity,  3, IKK)  Cil 
mmol  [  1  mCi  =  37  mBq])  or  by  digesting  clone  pSIV  102  with 
Aivjl  (nt  1494),  end  labeling,  digesting  with  Bsu 361,  and 
isolating  the  1.4-kb  B.vi/361-to-AinI  fragment  extending  from 
nt  95  to  1494.  A  probe  for  neo-specific  mRNA  was  generated 
by  end  labeling  the  0.65-kb  Ar  oIl-to-Pinll  fragment,  which 
is  contained  exclusively  in  the  nco  gene,  from  the  neo 
expression  clone.  Total  cellular  RNA  (12  or  18  p.g)  from 
transfected  COS  cells  was  hybridized  to  either  probe  at  56°C 
for  90  min  and  then  at  53°C  for  90  min  in  8077  formamide-40 
mM  PIPES  [piperazine-/V,A7-bis(2-ethanesulfonic  acid)]  (pH 
6.4)-l  mM  EDTA-0.4  M  NaCI.  Samples  were  cooled  to  16°C 
and  digested  for  30  min  by  adding  0.3  ml  of  ice-cold  SI  buffer 
(0.28  M  NaCI.  0.05  M  sodium  acetate  [pH  4.6 j,  4.5  mM 
ZnS04,  20  p.g  of  sheared  salmon  sperm  DNA  per  ml) 
containing  1,000  U  of  SI  nuclease  (Pharmacia)  per  ml. 
Reactions  were  slopped  by  adding  50  gd  of  4.0  M  ammonium 
acetate-0.1  M  EDTA.  Then  10  pg  of  yeast  tRNA  was  added, 
and  the  nucleic  acids  were  precipitated  with  ethanol.  Precip¬ 
itates  were  dried,  suspended  in  20  pi  of  loading  buffer  (38% 
formamide.  8  mM  EDTA,  0.002%  bromophenol  blue,  0.002% 
xylene  cyanol  FF),  and  subjected  to  denaturing  PAGE  (5% 
polyacrylamide)  with  50%  urea.  Gels  were  dried  and  ex¬ 
posed  to  Kodak  XAR-5  film  for  3  days  at  -90°C.  Ten  percent 
of  the  cells  were  saved  for  CAT  activity  analysis. 

Nuclear  run-on  assays.  Nuclear  run-on  assays  were  per¬ 
formed  as  described  (24)  with  the  exception  that  1.0-pg 
samples  of  plasmids  pL33M,  pSVZgpt,  and  pSIV  102  were 
used  as  the  cold  DNA  targets  immobilized  on  the  nitrocel¬ 
lulose  filters. 

Dactinomycin  analysis.  COS  cells  (70%  confluent)  in  75-cm 
flasks  were  transfected  with  12  pg  of  either  pSIV  102  or 
pSIV  BA.  At  24  h  posttransfection,  cells  were  trypsinized 
and  the  pSIV  102  and  pSIV  BA  flasks  were  separately 
pooled  and  seeded  onto  I50-mm  plates.  At  24  h  after 
reseeding,  media  was  replaced  with  DME-S  containing  5  pg 
of  dactinomycin  (Sigma)  per  ml.  and  cells  were  harvested  for 
RNA  at  0.  12,  24,  36.  and  48  h  posttransfection.  Isolated 
RNA  was  subjected  to  Northern  blot  analysis  and  probed 
with  hexamer  primer-labeled  fragments  derived  from  the 
3.5-kb  5tfcl  fragment  or  to  labeled  actin  sequences. 

CAT  assays.  The  pSV2CAT  expression  vector  and  the 
assay  protocol  were  described  previously  (10). 

RESECTS 

pSIV  102  and  pSIV  BA  direct  the  synthesis  of  SIV  proteins. 

A  functional  SIV  proviral  clone  with  an  intact  ncf  gene. 
pSIV  102.  was  used  to  generate  an  otherwise  isogenic  ncf 
mutant,  pSIV  BA.  by  polymerase  chain  reaction  site-di¬ 
rected  mutagenesis  (Fig.  2).  The  predicted  length  of  the 
mutant  NEE  protein  is  truncated  f  rom  250  to  39  amino  acids . 
Proviral  clones  pSIV  102  and  pSIV  BA  and  negative  control 
plasmid  pSV2gpt  were  transfected  into  COS  cells,  which 
were  then  metabolically  labeled  with  ["Slmethionine  and 
( ’\S|cysteine  and  immunoprccipitated  with  antiserum  from 
an  infected  macaque.  The  cells  transfected  with  the  proviral 
clones  demonstrate  the  presence  of  precursor  and  processed 
gng  proteins,  whereas  the  cells  transfected  with  the  negative 
control  do  not  (Fig.  3).  Equal  volumes  of  cell  lysate  were 
applied  to  the  gel;  however,  Bradford  protein  analysis  and 
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FIG.  3  Expression  of  SIV  NEF  and  GAG  proteins.  COS  cells 
were  transfected  with  10  p.g  of  pSV2gpt  (lane  It.  pSIV  102  (lane  2l. 
or  pSIV  BA  (lane  3).  At  4X  h  posttransfection,  cells  were  labeled 
with  |  "S|rnethionine  and  |  "S (cysteine  and  immunoprccipitated  w  ith 
serum  from  an  infected  macaque.  Immunoprccipitated  samples  were 
then  denatured  and  subjected  to  SDS-PAGE  in  a  7.5  to  20% 
gradient.  ».  NF’F  protein  expressed  in  pSIV  102-transfecled  cells;  g, 
precursor  and  processed  gag  proteins  in  pSIV  102-  and  pSIV 
BA-transfected  cells. 


densilometric  scanning  of  background  bands  indicate  that 
protein  concentration  was  3.5-fold  greater  in  the  pSIV  102 
sample  than  in  the  pSIV  BA  sample.  Additionally,  densi- 
tometric  analysis  indicates  that  the  intensity  of  the  p27  gng 
band  was  1.5-fold  greater  in  the  pSIV  102  lane  than  in  the 
pSIV  BA  lane.  Therefore,  in  this  experiment,  there  was  a 
2.3-fold  suppression  of  p27  with  clone  pSIV  102  compared 
with  that  for  pSIV  BA.  As  expected.  NEF  protein  was 
identified  only  in  cells  transfected  with  clone  pSIV  102  (Fig. 
3.  lane  2).  The  apparent  molecular  mass  of  NEF  protein, 
calculated  by  using  the  size  markers  indicated,  was  29.5 
kDa.  which  agrees  well  with  the  predicted  molecular  mass  of 
29  kDa. 

NEF  downregufates  SIV  replication  in  COS  cells.  To  assess 
the  role  of  ncf  on  the  replication  of  SIV.  COS  cells  were 
transfected  with  proviral  clones  pSIV  102  and  pSIV  BA. 
Supernatants  from  transfected  cells  were  solubilized  and 
screened  for  viral  antigens  by  using  a  p27  SIV  ELISA  kit 
(Fig.  4A)  or  a  p24  HIV  ELISA  kit  (Fig.  4B).  In  seven 
independeni  experiments  with  different  DNA  preparations 
and  cell  stocks,  the  clone  lacking  ncf  pSIV  BA.  consistently 
afforded  two-  to  sixfold-higher  levels  of  virus  particles  in  the 
supernatant  compared  with  those  in  pSIV  102.  Transfection 
efficiency  was  measured  by  cotransfecting  with  pSV2CAT 
and  measuring  CA  T  activity  in  cellular  protein  extracts.  This 
analysis  indicated  that  the  mean  values  of  CAT  activity  w  ere 
6.1%  ±  3.0%.  4.9%  2  3.0%.  and  4.7%  2  1.8%  for  the 
pSV2gpt-,  pSIV  102-,  and  pSIV  BA-transfected  cells,  re¬ 
spectively.  These  values  represent  the  percentage  conver¬ 
sion  to  acetylated  products  and  were  in  the  linear  range  of 
analysis. 

NEE  decreases  the  level  of  SIV  mRNA  accumulation.  To 
assess  the  step  in  the  virus  life  cycle  (hat  was  downregulated 
by  NTT.  Northern  blot  analysis  was  performed.  COS  cells 
were  transfected  with  pSIV'  102  or  pSIV  BA;  al  72  h 
posttransfection,  cells  were  harvested,  and  total  cellular 
RNA  w'nx  prepared  and  subjected  to  Northern  blot  analysis 
(Fig.  5).  I  he  level  of  SIV  9.0-kb  mRNA  was  on  the  average 
4.5-fold  greater  from  (he  cells  transfected  with  clone  pSIV 
BA  than  from  cells  transfected  with  pSIV  102.  Similarly  .  the 
level  of  the  SIV  4.5-kh  single-spliced  cm  mRNA  was  three¬ 
fold  higher  in  the  absence  ol  NEF  protein  with  pSIV  BA 
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FIG.  4.  NEF  downregulates  SIV  replication  in  transfected  COS  cells.  In  seven  independent  experiments.  10  gg  of  either  pSV2gpi.  pSIV 
102,  or  pSIV  BA  was  transiently  transfected  into  COS  cells.  An  aliquot  of  the  overlying  medium  was  removed  at  the  indicated  times  after 
transfection  and  assessed  for  solubilized  p27v“*-'  core  protein  with  (A)  a  Coulter  SIV  p27  ELISA  kit  or  (B)  an  Abbott  p24  HIV  ELISA  kit.  (A) 
Averages  of  four  experiments  with  error  bars  indicating  1  standard  deviation  front  the  mean.  (B)  Three  different  experiments.  Transfection 
efficiency  was  monitored  by  cotransfecting  pSV2CAT  and  measuring  CAT  activity-  however,  this  parameter  did  not  vary  by  more  than  10'? 
in  any  given  experiment.  For  panel  A,  1  optical  density  unit  is  approximately  equal  to  an  antigen  concentration  of  15  ng'ml  Svmbols-  O. 
pSV2gpt;  □.  pSIV  102;  •,  pSIV  BA. 


than  in  the  presence  of  NEF  with  pSIV  102  based  on 
densitometry  analysis  of  the  bands.  All  three  major  viral 
RNA  species  were  detected,  and  the  presence  or  absence  of 
NEF  protein  did  not  appear  to  alter  their  relative  abundance. 
The  probe  used  in  this  analysis,  derived  from  the  3.5-kb  Sac I 
fragment,  hybridized  weakly  to  the  2.0-kb  double-spliced 
mRNAs.  Hybridization  of  the  same  RNA  samples  to  actin 
sequences  was  used  to  correct  for  differences  in  RNA 
extraction  and  concentration  determinations.  Transfection 
efficiency  was  assessed  by  cotransfecting  the  cells  with 
pSV2CAT  and  was  similar  in  all  samples  (Fig.  5).  This 
analysis  was  repeated  twice  with  comparable  results. 

SI  nuclease  protection  assays  provided  further  evidence 
that  SIV  mRNA  accumulation  is  depressed  in  cells  trans¬ 
fected  with  the  NEF-expressing  proviral  clone  (Fig.  6).  Total 
cellular  RNA  from  transfected  cells  was  hybridized  with 
end-labeled  DNA  probes  extending  from  nt  95  to  1494  (Fig. 
6A)  or  nt  369  to  959  (Fig.  6B),  where  the  RNA  initiation 
(CAP)  site  is  at  nucleotide  position  507.  In  addition  to  the 
SIV  probe  in  Fig.  6B.  an  end-labeled  DNA  probe  for  two 
mRNA  was  also  added  to  the  hybridization  reactions  (Fig. 
6C).  The  mRNAs  presented  in  Fig.  6C  were  isolated  from 
cells  cotransfected  with  5  gg  of  the  neo  expression  vector 
pCB6.  With  the  longer  SIV  probe,  in  experiments  1  and  2. 
respectively,  there  were  6.6-  and  4.7-fold  increases  in  the 
level  of  the  protected,  correctly  initiated  viral  RNA  from 
cells  transfected  with  clone  pSIV  BA  compared  with  (hat 
from  cells  transfected  with  pSIV  102  (Fig.  6A).  There  was 
also  a  significant  increase  in  the  level  of  a  spliced  RNA 
species,  recently  described  by  Viglianti  and  coworkers  (29). 
in  cells  transfected  with  pSIV  BA  compared  with  that  in  cells 
transfected  with  pSIV  102.  With  the  shorter  probe,  there  was 
a  4.4-fold  increase  in  protected  RNA  of  the  expected  si/e 
from  the  cells  transfected  with  pSIV  BA  compared  with  that 
in  cells  transfected  with  pSIV  102  (Fig.  6B).  There  was  also 
an  increase  in  protected  spliced  RNA  with  proviral  clone 
pSIV  BA  compared  with  that  with  pSIV  102.  With  the 
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FIG.  5.  SIV  NEF  decreases  viral  mRNA  accumulation.  COS 
cells  were  transfected  with  10  gg  of  either  pSV2gpl.  pSIV  102.  or 
pSIV  BA  and  cotransfected  with  clone  pSV2CAT  lo  control  for 
transfection  efficiency.  Total  cellular  RNA  was  isolated  3  days  after 
transfection  from  005?  of  the  cells  and  subjected  lo  Northern  blol 
analysis.  Protein  extracts  were  prepared  from  the  remaining  ION  of 
the  cells  for  CAT  analysis.  Hybridization  was  performed  with 
hexamcr-primed  probes  generated  from  the  3.5-Kh  fragment 
from  clone  pSIV  102.  In  this  experiment,  duplicate  transfections 
were  performed.  RNAs  from  experiments  1  and  2  were  combined 
equally,  subjected  to  Northern  blot  analysis,  and  hybridized  to  aclin 
sequences  that  demonstrated  that  similar  amounts  of  RNA  were 
applied  to  the  gel.  CAT  activities  were  similar  w  ithin  the  linear  range 
of  analysis. 
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FIG.  6.  SIV  NEF  decreases  s(eady-s(a(e  levels  of  SIV  mRNA  and  does  nol  affect  the  transcription  start  position.  COS  cells  were 
transfected  with  proviral  clones  pSIV  102  and  pSIV  BA,  and  total  cellular  RNA  was  isolated  72  h  later.  RNA  was  annealed  to  either  the 
B.v«36I  (nt  94)-to-Ar«l  (nt  1494)  fragment  (A)  or  the  590-nt  5f«l  fragment  (B).  RNA  was  annealed  to  the  590-nt  ,V/«1  probe  and  the  655-nt 
Avall-to-Fvidl  nco  probe  in  panel  C.  Samples  were  then  digested  with  SI  nuclease,  and  the  protected,  labeled  DNA  fragments  were  separated 
on  denaturing  PAGE  (59?  polyacrylamide).  Symbols:  EH  ,  length  of  the  probe:  CTJ.  region  of  protection:  *.  labeled  sites.  The  numbers  next 
to  the  empty  boxes  indicate  the  lengths  of  the  protected  fragments  of  the  unspliced  and  spliced  transcripts  (29).  The  arrow  over  the  striped 
box  at  rt  507  indicates  the  RNA  CAP  site.  Panel  A  represents  two  independent  experiments  (1  and  2).  panel  B  represents  a  third  experiment, 
and  panel  C  represents  two  additional  independent  experiments.  Transfection  efficiency,  measured  by  cotransfecting  pSV2CAT  and  assaying 
CAT  activity  (percent  acetylation),  was  determined  for  all  transfections.  In  part  A.  the  mean  CA  T  activity  was  3. 09?  ±  0.49?  and  3.9 ' i  ±  0.79? ; 
in  part  B,  the  activity  was  3.99?  and  3.49?:  and  in  part  C.  the  mean  activity  was  709?  ±  69?  and  699?  ±  69?  for  pSIV  102-  and  pSIV 
BA-transfected  cells,  respectively  In  addition,  the  intensity  of  the  protected  nco  probe  (band  indicated  by  arrow  on  right)  was  determined, 
and  the  value  was  used  to  adjust  the  relative  concentration  of  viral  mRNAs  from  transfected  cells 


shorter  SIV  probe  in  the  experiments  presented  in  Fig.  6C. 
there  was  a  mean  2.3-fold  decrease  in  the  unspliced  mRNA 
from  pSIV  102  compared  with  t hat  in  mRN  A  from  pSIV  BA 
and  a  2.1-fold  decrease  in  the  spliced  mRNA  species. 
Hybridization  to  the  nco  probe  demonstrated  similar  trans¬ 
fection  and  RNA  extraction  efficiencies  and  was  used  to 
calculate  the  ratio  of  SIV  to  nco  mRNAs  from  pSIV  102-  and 
pSIV  BA-transfected  cells.  Transfection  efficiency,  mea¬ 
sured  by  cotransfection  of  pSV2CAT.  was  similar  in  all 
transfections.  In  the  experiments  shown  in  Fig.  6A.  B.  and 
C ,  the  mean  CA  T  activities  were  3.0  and  3.99? .  3.9  and  3.49? . 
and  70  and  689?  for  pSIV  102  and  pSIV  BA.  respectively. 
Hybridization  of  the  RNAs  to  actin  sequences  was  per- 
tormed  to  confirm  t hat  extraction  efficiency  and  concentra¬ 


tion  determinations  were  similar  in  all  RNA  preparations. 
The  increased  level  of  full-length  protected  probe  in  the 
lanes  with  RNA  from  pSIV  BA-transfected  cells  compared 
with  those  from  the  pSV2gpt-  or  pSIV  102-transfected  cells 
in  Fig.  6  may  represent  effects  on  an  aberrantly  initiated 
transcript. 

NKF  suppresses  the  rate  of  SIV  mRNA  transcription.  To 
determine  whether  the  effects  of  NF.F  protein  on  mRNA 
accumulation  could  be  accounted  for  at  the  level  of  RNA 
synthesis,  nuclear  run-on  assays  were  performed  COS  cells 
were  transfected,  nuclei  were  isolated,  and  preinitiated 
mRNA  transcripts  were  labeled  in  vitro  with  |u-‘:P|UTP. 
The  ratio  of  hybridization  of  labeled  RNAs  to  SIV  sequences 
to  that  of  Ain  1  sequences  was  twofold  higher  with  nuclei 


Voi  65.  1991 


S1V  NET  ACTIVITY  1545 


pSV2gpt 
pSIV  102 
pSIV  BA 


CO  4 

O 

cc 


Ratio  ot  hybridization  of  SIV  mRNA  /  ALU  mRNA  Ratio  of  hybridization  of  SIV  mRNA  /  GPT  RNA 

FIG.  7.  SIV  NEF  decreases  the  rate  of  viral  RNA  synthesis.  Nuclear  run-on  assays  were  performed  with  |a-':P]UTP  (specific  activity. 
3,000  Ci/mmol)  to  label  nuclei  isolated  from  COS  cells  transfected  with  10  pg  of  pSV2gpt.  pSIV  102,  or  pSIV  BA.  The  nascent,  labeled 
transcripts  were  hybridized  to  SIV  sequences  (pSIV  102).  A/ul  repetitive  sequences  (pL33M).  or  .ept  sequences  (pSV2gpt)  to  control  for  the 
efficiency  of  labeling,  RNA  yield,  and  transfection  efficiency.  Hybridization  intensity  was  measured  by  densitometry  and  is  expressed  as  the 
ratio  of  hybridization  to  SIV  sequences  to  that  to  A/ul  (A)  or  gpf  (B)  sequences 


isolated  from  pSIV  BA-transfected  cells  than  with  nuclei 
from  pSIV  102-transfected  cells  (Fig.  7A).  The  ratio  of 
hybridization  of  labeled  transcripts  to  SIV  sequences  to  that 
of  xanthine-guanine  phosphoribosyl  transferase  (gpt)  se¬ 
quences  was  threefold  greater  with  nuclei  from  pSIV  BA 
transfected  cells  than  with  nuclei  from  pSIV  102-transfected 
cells  (Fig.  7B).  Hybridization  to  Alii  I  sequences  corrects  for 
labeling  efficiency.  RNA  extraction,  and  concentration  of 
RNA  used  for  hybridization.  Hybridization  tog'/?/  sequences 
corrects  for  transfection  efficiency,  since  proviral  clones 
pSIV  102,  pSIV  BA.  and  pSV2gpt  express  gpi  mRNA  at  the 
same  level.  This  experiment  was  repeated  twice  w  ith  similar 
results. 

NEF  docs  not  destabilize  SIV  mRNA.  To  assess  whether 
NEF-induced  RNA  degradation  contributes  to  decreased 
steady-state  levels  of  mRNAs.  viral  mRNA  stability  was 
measured.  COS  cells  transfected  with  pSIV  102  or  pSIV  BA 
were  treated  with  the  RNA  synthesis  inhibitor  dactinomycin 
and  harvested  0.  12.  24.  36.  and  48  h  later.  RNAs  were 
subjected  to  Northern  blot  analysis,  which  revealed  a  rela¬ 
tively  intense  signal  for  the  4.5-kb  single-spliced  c/iv  tran¬ 
script  compared  with  that  of  the  9.0-kb  unspliced  transcript 
(Fig.  8);  therefore.  RNA  measurements  were  performed  on 
the  chv  transcript.  There  was  no  apparent  difference  in  the 
kinetics  of  RNA  degradation  in  the  presence  (pSIV  102)  or 
absence  (pSIV  BA)  of  an  intact  nef  gene.  Cells  transfected 
with  either  clone  displayed  an  RNA  half-life  of  approxi¬ 
mately  9  It.  Hybridization  of  RNA  to  actin  sequences  was 
used  to  correct  for  RNA  extraction  efficiency  and  concen¬ 
tration  determinations.  Hybridization  to  c-myc  sequences 
indicated  that  dactinomycin  treatment  of  cells  was  effective 
in  halting  RNA  synthesis  (data  not  shown).  The  observation 
that  the  single-spliced  mRNA  species  was  more  intense  in 


this  experiment  than  in  the  Northern  blot  in  Fig.  5  may  be 
due  to  the  fact  that  these  mRNAs  were  harvested  at  48  h 
rather  than  72  h  posttransfection.  Furthermore,  the  cells  in 
this  experiment  were  scraped  at  24  h  posttransfection  and 
replated.  It  is  also  possible  that  the  RNA  blotting  process 
was  less  efficient  in  this  experiment  than  in  the  experiment  of 
Fig.  5  in  that  the  larger  unspliced  species  failed  to  transfer  as 
well.  This  experiment  was  repeated  with  comparable  results. 

DISCUSSION 

Conservation  of  the  net  gene  in  both  simian  and  human 
immunosuppressive  viruses  suggests  that  the  gene  plays  an 
important  role  in  the  biology  of  these  lentiviruses.  To  define 
this  role,  a  /uT-positive  SIV  proviral  clone  (pSIV  102)  and  a 
nef- negative  clone  (pSIV  BA)  were  compared.  The  tie/  gene 
product  was  found  to  suppress  the  rate  of  transcription  and 
level  of  vital  RNAs. 

The  initial  comparison  of  the  urf-positive  and  -negative 
proviral  clones  involved  transfecting  them  into  COS  cells 
and  assaying  the  overlying  culture  medium  for  the  SIV  p27 
core  protein.  The  level  of  p27  in  IhC  media  of  cells  trans¬ 
fected  with  proviral  clone  pSIV  BA  was  two-  to  sixfold 
higher  than  that  of  cells  transfected  with  clone  pSIV  102 
<Fig.  4).  This  result  is  consistent  with  the  role  of  NEF  as  a 
negative  factor  with  respect  to  virus  replication. 

We  found  previously  that  the  HIV-1  nef  gene  product  did 
not  affect  the  infectivity  of  vims  particles  (24).  This  is 
consistent  with  the  data  in  the  current  study  indicating  that 
SIV  NET  suppressed  virus  replication  in  cells  that  were 
unable  to  be  infected  by  virus  particles  generated  during 
transfections.  Thus,  the  steps  involved  with  the  first  half  of 
the  virus  life  cycle,  i.e..  virus  binding,  uptake,  uncoating. 
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FIG.  8.  SIV  NEF  does  not  destabilize  SIV  mRNAs.  COS  cells 
(in  eight  75-mm  flasks)  were  transfected  with  either  clone  pSIV  102 
or  pSIV  BA.  At  24  h  after  transfection,  the  COS  cells  were 
harvested  and  pooled  with  similarly  transfected  cells  and  replatcd 
onto  150-mm  plates.  At  24  h  after  replating,  the  cells  were  incubated 
with  dactinomycin  for  0  to  48  h.  At  the  indicated  times,  total  cellular 
RNA  was  isolated  and  subjected  to  Northern  blot  analysis.  The  blot 
was  first  hybridized  with  the  SIV  probe  as  in  the  experiment  shown 
in  Fig.  4,  exposed  to  film,  stripped  of  RNA.  and  rehybridized  to  an 
actin  probe  as  a  control  for  the  amount  of  RNA  loaded  on  the  gel.  In 
this  analysis,  the  stability  of  the  4.5-kb  env  mRNA  was  measured 
because  it  was  the  predominant  species.  At  each  time  point,  the 
calculated  amount  of  SIV  mRNA  was  determined  by  densitometry 
and  the  level  of  env  mRNA  was  adjusted  to  the  amount  of  actin 
mRNA. 


reverse  transcription,  and  integration,  are  not  the  primary 
target  for  NEF-mediated  suppression.  Instead,  we  found 
that  NEF  was  active  during  the  second  half  of  the  virus  life 
cycle,  i.e.,  during  transcription,  RNA  processing  and  trans¬ 
location,  and  translation.  Northern  blot  analysis  with  RNA 
extracted  from  COS  cells  transfected  with  the  proviral 
clones  showed  that  the  steady-state  levels  of  viral  RNAs 
were  three-  to  fourfold  lower  in  the  /(expositive  clone  than  in 
the  //eXnegativc  clone  (Fig.  5).  Similar  results  were  found 
with  analyses  of  cytoplasmic  or  nuclear  RNAs  (data  not 
shown).  SI  nuclease  protection  analysis  demonstrated  a 
four-  to  sixfold  suppression  of  correctly  initiated  viral 
mRNAs  in  the  cells  transfected  with  the  ^/-positive  clone 
relative  to  that  in  the  cells  transfected  with  the  nr/  negative 
clone  (Fig.  6). 

A  collection  of  17  independent  comparisons  front  10 
different  experiments  of  viral  mRNAs  from  pSIV  102-  and 
pSIV  BA-transfected  cells  is  presented  in  Table  1.  The  mean 
suppression  of  viral  mRNA  mediated  by  NEF  was  3.2-fold  ± 


TABLE  1.  SIV  NEF  downregulates  viral  mRNA  levels" 


i'xpr 

Proviral 
pSIV  clone 

Ratio'' 

mRNA  suppression 

CAT  activ¬ 
ity*  (rv) 

Analysis 

SIV 

Actin 

fU’O 

i 

102 

2.7 

0.9 

1.8 

8.9 

64 

Slot  blot 

BA 

2.1 

1.4 

6.1 

74 

102 

1.3 

2.3 

7.2 

77 

BA 

2.5 

1.8 

9.1 

63 

2 

102 

1.9 

2.1 

1.1 

7.2 

44 

Slot  blol 

BA 

2.9 

1.3 

9.7 

50 

102 

2.4 

1.5 

12 

49 

BA 

2.6 

0.7 

8.8 

50 

102 

2  2 

1.8 

7.7 

39 

BA 

1.9 

0.7 

7.3 

50 

3 

102 

2.6 

1.8 

2.7 

NIT' 

ND 

Slot  blol 

BA 

3.6 

2.8 

ND 

ND 

102 

3.0 

1.6 

NO 

ND 

BA 

8.8 

1.4 

ND 

ND 

4 

102 

1.7 

1.4 

5.3 

ND 

ND 

Slot  blot 

BA 

2.3 

4.8 

ND 

ND 

s 

102 

4.0 

0.8 

4.7 

ND 

76 

Northern 

BA 

1.5 

4.0 

ND 

82 

102 

0.9 

4.7 

ND 

76 

BA 

4.7 

4.0 

ND 

82 

6 

102 

5.8 

1.4 

5.1 

ND 

3.4 

SI  nuclease 

BA 

6.2 

3.9 

ND 

3.2 

102 

1.0 

4.2 

ND 

2.5 

BA 

6.3 

4.7 

ND 

4.6 

102 

0.6 

5.1 

ND 

3.9 

BA 

.3.0 

3.9 

ND 

3.4 

7 

102 

3.5 

3.5 

5.0 

ND 

ND 

Northern 

BA 

7.1 

2.9 

ND 

ND 

8 

102 

1.9 

2.4 

6.7 

ND 

ND 

Northern 

BA 

2  2 

3.3 

ND 

ND 

9 

102 

2.7 

1.0 

0.9' 

ND 

ND 

Run-on 

BA 

2.9 

1 .0' 

ND 

ND 

10 

102 

2.6 

1.5 

1.4' 

ND 

ND 

Run-on 

BA 

2.0 

0.7' 

ND 

ND 

"  This  table  summarizes  the  data  from  10  separate  experiments  and  includes 
17  dillerent  matched  pairs  of  densitometry  scans  of  SIV.  actin.  or  nco  mRNAs 
(expressed  as  relative  areas  under  each  curve)  from  pSIV  102-  and  pSIV 
BA-transfected  COS  cells.  In  all  cases.  ('OS  cells  were  transfected  with  10 
of  proviral  I)N A  per  IDO-mm  plates.  These  data  include  mRNAs  that  were 
analyzed  bv  slot  blot  and  Northern  blot  hybridization.  SI  nuclease  protection 
assays,  and  nuclear  run-on  assays.  We  calculated  the  level  of  viral  mRNA 
suppression  for  each  of  the  17  matched  pairs  of  pSIV  102  and  pSIV  BA  values 
in  order  of  the  pairs  from  the  top  of  the  table  downward.  We  found  th.it  the 
mean  suppression  of  NIT  on  viral  mRNA  levels  was  3.2-fold  *  1.6-fokl, 
where  1.6  represents  the  standard  deviation  In  addition,  the  confidence 
intervals  (2.4  and  4.0)  indicate  that  the  mean  of  17  random  matched  pairs  will 
lie  between  2.4-  and  4.0-fold  V5ri  of  the  time 
h  Average  ratio  of  the  SIV  densitometry  values  of  pSIV  BA  divided  b\ 
those  of  pSIV  102  multiplied  bv  tin.  ratio  of  actin  densitometry  values  of  pSIV 
102  divided  b>  those  of  pSIV  BA-transfected  cells. 

1  CAT  activate  i measured  as  percent  conversion  to  acetylaled  products)  of 
a  pSV2(  AT  plasmid  that  was  cotransfected  with  the  SIV  proviral  clones. 

''  NI).  Not  done 

'  in  the  nuclear  run  on  assavs.  hvbndi/ation  to  A  In  1  sequences  served  as  a 
control  for  viral  KNA  concentration  determinations  instead  of  actin  se¬ 
quences. 
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1.6-fold,  where  1.6  is  the  standard  deviation.  Ninety-five 
percent  confidence  intervals  indicate  that  the  mean  suppres¬ 
sion  in  any  17  matched  pairs  of  viral  mRNAs  from  pSIV  102- 
and  pSIV  BA-transfected  cells  is  intermediate  between  2.4- 
and  4.0-fold. 

The  observation  that  steady-state  viral  mRNA  levels  were 
decreased  in  the  presence  of  nef  suggests  that  nef  either 
suppresses  the  rate  of  RNA  synthesis  or  enhances  the  rate  of 
RNA  degradation.  Therefore,  nuclear  run-on  and  dactino- 
mycin  stability  studies  were  performed.  Nuclear  run-on 
analysis  of  COS  cells  transfected  with  either  pSIV  102  or 
pSIV  BA  indicated  that  the  rate  of  RNA  synthesis  was 
suppressed  two-  to  threefold  in  the  //(/-positive  clone  rela¬ 
tive  to  that  in  the  //(/-negative  clone  (Fig.  7).  This  level  of 
transcriptional  suppression  could  account  for  the  differences 
in  the  steady-state  level  of  viral  mRNA  in  the  presence  or 
absence  of  NEF  in  that  differences  in  the  magnitude  of 
suppression  could  reflect  differences  in  experimental  ap¬ 
proaches.  Analysis  of  viral  RNA  levels  after  dactinomycin 
treatment  indicated  that  NEF  did  not  significantly  alter  the 
rate  of  degradation  of  viral  mRNA  (Fig.  8). 

We  conclude  from  these  experiments  that  SIV  NEF 
suppresses  virus  replication  in  COS  cells  and  that  this 
suppression  occurs  at  the  level  of  viral  mRNA  synthesis. 
This  study  of  SIV  NEF  parallels  our  previous  analysis  of  the 
HIV-1  nef  gene  product  (24)  and  the  results  of  other  inves¬ 
tigators  (1).  However,  others  have  not  demonstrated  a 
suppressive  role  for  HIV-1  NEF  on  virus  replication  (15, 19). 
The  discrepancy  may  lie  in  the  fact  that  the  experiments 
were  not  conducted  with  similar  reagents  in  the  same  con¬ 
text.  That  is,  Kim  et  al.  (19)  used  a  proviral  clone  that  was 
different  from  that  used  by  Ahmad  and  Venkatesan  (1)  or  in 
our  laboratory  (24).  Perhaps  more  significantly,  the  multi¬ 
plicity  of  infection  (MOI)  varied  greatly  between  our  exper¬ 
iments  and  those  of  Kim  et  al.;  we  used  very  low  MOIs 
whereas  Kim  et  al.  used  high  MOIs.  It  is  likely  that  the 
subtle  effects  of  NEF  may  be  masked  by  the  high  MOI  used 
by  Kim  et  al.  The  proviral  clone  studied  by  Hammes  et  al. 
was  HXB3,  which  contains  a  nef  gene  similar  to  the  clone 
used  in  our  previous  experiments  except  that  clone  HXB3 
contains  an  alanine  instead  of  a  threonine  residue  at  amino 
acid  position  15.  Guy  et  al.  (12)  demonstrated  that  protein 
kinase  C  requires  a  threonine  residue  for  phosphorylation  at 
amino  acid  residue  15  and  that  this  phosphorylation  event 
may  be  critical  for  NEF  activity.  Currently,  we  are  studying 
the  role  of  the  MOI  on  NEF  activity  with  different  proviral 
clones  in  an  attempt  to  explain  the  discrepancies  that  have 
arisen  with  respect  to  the  role  of  NEF  on  virus  replication. 

The  precise  mechanism  by  which  NEF  mediates  transcrip¬ 
tional  suppression  is  not  known.  HIV-1  NEF  has  not  yet 
been  found  in  the  nucleus;  however,  HIV-1  NEF  ( 12.  15.  18) 
and  SIV  NEF  (13)  are  myristoylatcd  (Fig.  1)  and  can 
associate  with  the  plasma  or  other  cellular  membranes, 
which  may  be  essential  for  their  activity  (7.  15).  HIV-1  and 
SIV  NEF  bear  amino  acid  sequence  similarity  to  the  nucle¬ 
otide  binding  domain  of  p21"".  p60'"  ,  cyclic  AMP-depen¬ 
dent  protein  kinase,  and  epidermal  growth  factor  and  insulin 
receptors  (12.  27)  (Fig.  1).  With  respect  to  HIV-1  NEF. 
G  I  P-binding  and  GTP-cleaving  activities  have  been  reported 
(12.  13);  however,  others  have  been  unable  to  detect  these 
activities  (18).  HIV-1  NEF  has  been  reported  to  exhibit 
autophosphorylation  activities  (12).  which  indicates  that 
NEF  may  be  able  to  phosphorylate  other  regulatory  proteins 
in  a  signal  pathway  into  the  nucleus.  Recently,  it  was  found 
that  HIV-1  NEF  can  downregulate  the  binding  of  a  prolifer¬ 
ation-associated  DNA  binding  protein  in  nontransformed 


human  T  lymphocytes  (11).  Thus.  NEF  may  act  as  a  signal 
transducer  to  either  facilitate  the  binding  of  negative  cellular 
factors  or  inhibit  the  binding  of  positive  cellular  factors  of 
transcription. 

We  have  begun  to  examine  the  replication  of  SIV  NEF 
and  SIV  NEF  viruses  in  rhesus  macaque  primary  lympho¬ 
cytes;  preliminary  results  indicate  downregulatorv  effects 
exerted  by  NEF  early  after  infection,  which  is  consistent 
with  the  data  presented  in  this  manuscript.  However,  the 
role  of  NEF  in  vivo  has  yet  to  be  examined.  It  is  possible 
that  NEF  may  be  contributing  significantly  to  the  establish¬ 
ment  and  maintenance  of  viral  latency  exhibited  by  infected 
humans  and  macaques.  However,  downregulation  of  viral 
expression  may  actually  contribute  to  disease  progression  in 
that  NEF  may  be  required  for  persistent  infection.  That  is.  if 
//(/^negative  viruses  replicate  unchecked,  heavily  infected 
cells  may  die  and  a  swift,  immune  response  may  clear 
circulating  virus.  However,  cells  infected  with  //(-/-positive 
viruses  may  persist  because  virus  replication  is  suppressed 
and  thereby  provide  a  virus  reservoir.  It  should  be  noted  that 
the  subtle  effects  of  NEF  op  transcription  were  determined 
in  cell  culture  and  that  the  ability  of  NEF  to  downregulate 
virus  expression  in  living  organisms  may  be  more  substan¬ 
tial.  Studies  of  macaques  infected  with  SIV  //(/-positive  and 
//(/-negative  viruses  will  be  crucial  for  determining  the 
physiologic  role  of  NEF  in  virus  expression  and  disease 
progression  (23). 

ACKNOWLEDGMENTS 

We  thank  Jeffrey  Milbrandt  for  experimental  advice  on  nuclear 
run-on  assays  and  critical  review  of  the  manuscript.  Lisa  Westfield 
and  Evan  Sadler  (Howard  Hughes  Medical  Institution)  for  oligonu¬ 
cleotides.  and  G.  Viglianti  for  sharing  unpublished  data. 

This  work  was  supported  by  contracts  DAMD-87C-7107  and 
DAMD-90C-0125  from  the  U.S.  Army  Medical  Research  Acquisi¬ 
tion  Activity.  Public  Health  Service  grant  AI24745.  and  training 
grant  HL  07088-15  (to  T.M.J.N.)  from  the  National  Institutes  of 
Health.  Lee  Ratner  is  an  American  Cancer  Society  Research 
Professor. 

REFERENCES 

1.  Ahmad,  N.,  and  S.  Venkatesan.  1988.  Nef  protein  of  HIV-1  is  a 
transcriptional  repressor  of  HIV-1  l.TR.  Science  241:1481- 
1485. 

2.  Cheng-Mayer,  C.,  P.  Lannello,  K.  Shaw,  P.  A.  Luciw,  and  .).  A. 
Levy.  1989.  Differential  effects  of  nef  on  HIV  replication: 
implications  for  vital  pathogenesis  in  the  host.  Science  246: 
1629-1632. 

3.  Chirgwin,  .1.  B.,  A.  E.  Przybyla.  R.  J.  MacDonald,  and  W.  J. 
Rutter.  1979.  Isolation  of  biologically  active  ribonucleic  acid 
from  sources  enriched  in  ribonuclease.  Biochemistry  18:5294- 
5299. 

4  Cleveland,  I).  W.,  M.  A.  Lopata.  R.  J.  MacDonald.  V  J.  Cowan, 
W.  J.  Rutter,  and  M.  W.  Kirschner.  1980.  Number  and  evolu¬ 
tionary  conservation  of  alpha-  and  beta-tubulin  and  cytoplasmic 
beta-  and  gamma-aetin  genes  using  specific  cloned  cDN  \ 
probes.  Cell  2(1:95-105. 

5.  Daniel.  M.  I)..  N.  I,.  I.etvin.  N.  VV.  King.  M.  Kannagi.  P.  K. 
Sehgal,  R.  I).  Hunt.  P.  J.  Kanki,  M.  Essex,  and  K.  C.  Desrosiers. 
1985.  Isolation  of  I -cell  tropic  HT1.V-III  like  retrovirus  from 
macaques.  Science  228:1201-1204 

6.  Fisher,  A.  (!.,  E.  Collalti.  I..  Ratner,  R.  C.  Gallo,  and  F. 
Wong-Staal.  1985.  A  molecular  clone  of  H  I  I.V-III  with  biolog¬ 
ical  activity.  Nature  ll  ondon)  316:262-265. 

7.  Franchini.  G..  M.  Robcrt-Guroff.  ,|.  Ghrayeb,  N.  1  Chang,  and 
F.  Wong-Staal.  1986.  Cytoplasmic  localization  of  the  I  ITT  A  III 
3'orf  protein  in  cultured  T  cells  Virology  155:593-590 

8  Gallo,  R.  C.,  F.  Wong-Staal,  I..  Montagnicr,  W.  A.  Haseltine, 
and  M.  Yoshida.  1988.  MIX'  11  1  I  V  gene  nomenclature  Natme 


3546  NIEDERMAN  ET  AL. 


J.  Virol. 


(London)  333:504. 

9.  Gama  Sosa,  M.  A.,  R.  DeGasperi,  L.  D.  Bernard,  J.  Hall,  F. 
Fazely,  and  R.  M.  Ruprecht.  1990.  V[  International  Conference 
on  AIDS  (San  Francisco),  abstr.  FA227. 

10.  Gorman,  C.  M.,  L.  F,  Moffat,  and  B.  H.  Howard.  1982. 
Recombinant  genomes  which  express  chloramphenicol  acetyl- 
transferase  in  mammalian  cells.  Mol.  Cell.  Biol.  2:1044-1051. 

11.  Guy,  B.,  R.  B.  Acres.  M.  P.  Kieny,  and  J.-P.  Lecocq.  1990.  DNA 
binding  factors  that  bind  to  the  negative  regulatory  element  of 
the  human  immunodeficiency  virus  type  1:  regulation  by  nef.  J. 
Acquired  Immune  Defic.  Syndr.  3:797-809. 

12.  Guy,  B.,  M.  P.  Kieny,  Y.  Riviere,  C.  LePeuch,  K.  Dott,  M. 
Girard,  L.  Montagnier,  and  J.  P.  Lecocq.  1987.  HIV  F/3'orf 
encodes  a  phosphorylated  GTP-binding  protein  resembling  an 
oncogene  product.  Nature  (London)  330:266-269. 

13.  Guy,  B.,  Y.  Riviere,  K.  Dott,  A.  Regnault,  and  M.  P.  Kieny. 
1990.  Mutational  analysis  of  the  HIV  nef  protein.  Virology 
176:413-425. 

14.  Hahn,  B.  H.,  L.  I.  Kong,  S.-W.  Lee,  P.  Kumar,  M.  E.  Taylor, 
S.  K.  Arya,  and  G.  M.  Shaw.  1987.  Relation  of  HTLV-4  to 
simian  and  human  immunodeficiency-associated  viruses.  Na¬ 
ture  (London)  330:184-186. 

15.  Hammes,  S.  R.,  E.  P.  Dixon,  M.  H.  Malim,  B.  R.  Cullen,  and 
W.  C.  Greene.  1989.  Nef  protein  of  human  immunodeficiency 
virus  type  1:  evidence  against  its  role  as  a  transcriptional 
inhibitor.  Proc.  Natl.  Acad.  Sci.  USA  86:9549-9553. 

16.  Hermann,  R.,  A.  Ludwigsen,  M.  Chuah,  R.  Brack-Wemer,  B. 
Kohleisen,  A.  Kleinschmidt,  and  V.  Erfle.  1990.  VI  International 
Conference  on  AIDS  (San  Francisco),  abstr.  FA302. 

17.  Josephs,  S.  F.,  G.  Chan,  L.  Rainer,  and  F.  Wong-Staal.  1984. 
Human  proto-oncogene  nucleotide  sequences  corresponding  to 
the  transforming  region  of  simian  sarcoma  virus.  Science  223: 
487-490. 

18.  Kaminchik,  J.,  N.  Bashan,  D.  Pinchasi,  B.  Amit,  N.  Sarver,  M.  I. 
Johnston,  M.  Fischer,  Z.  Yavin,  M.  Gorecki,  and  A.  Panet.  1990. 
Expression  and  biochemical  characterization  of  human  immu¬ 
nodeficiency  virus  type  1  nef  gene  product.  J.  Virol.  64:3447- 
3454. 

19.  Kim,  S.,  R.  Ikeuchi,  R.  Byrn,  J.  Groopman,  and  D.  Baltimore. 
1989.  Lack  of  a  negative  influence  on  viral  growth  by  the  nef 
gene  of  human  immunodeficiency  virus  type  1.  Proc.  Natl. 
Acad.  Sci.  USA  86:9544-9548. 

20.  Luciw,  P.  A.,  C.  Cheng-Mayer,  and  J.  A.  Levy.  1987.  Mutational 


analysis  of  the  human  immunodeficiency  virus:  the  orf-B  region 
down-regulates  virus  replication.  Proc.  Natl.  Acad.  Sci.  USA 
84:1434-1438. 

21.  Mulligan,  R.  C.,  and  P.  Berg.  1980.  Expression  of  a  bacterial 
gene  in  mammalian  cells.  Science  209:1422-1427. 

22.  Myers,  G.,  A.  B.  Rabson,  J.  A.  Berzofsky,  T.  F.  Smith,  and  F. 
Wong-Staal  (ed.).  1990.  Theoretical  biology  and  biophysics,  p. 
1169— 1170.  Los  Alamos  Laboratory,  Los  Alamos,  N.Mex. 

23.  Naidu,  Y.  M.,  H.  S.  Kestler  III,  Y.  Li,  C.  V.  Butler,  D.  P.  Silva, 
D.  K.  Schmidt,  C.  D.  Troup,  P.  K.  Sehgal,  P.  Sonigo,  M.  D. 
Daniel,  and  R.  C.  Desrosiers.  1988.  Characterization  of  infec¬ 
tious  molecular  clones  of  simian  immunodeficiency  virus  (SIV- 
MAC)  and  human  immunodeficiency  virus  type  2:  persistent 
infection  of  rhesus  monkeys  with  molecularly  cloned  S1V- 
MAC.  J.  Virol.  62:4691-4696. 

24.  Niederman,  T.  M.  J.,  B.  J.  Thielan,  and  L.  Ratner.  1989.  Human 
immunodeficiency  virus  type  1  negative  factor  is  a  transcrip¬ 
tional  silencer.  Proc.  Natl.  Acad.  Sci.  USA  86:1128-1132. 

25.  Ratner,  L.,  W.  Haseltine,  R.  Patarca,  K.  J.  Livak,  B.  Slarcich, 
S.  F.  Josephs,  E.  R.  Doran,  J.  A.  Rafalski,  E.  A.  Whitehorn,  K. 
Baumeister,  L.  Ivanoff,  S.  R.  Petteway,  Jr.,  M.  L.  Pearson,  J.  A. 
Lautenberger,  T.  S.  Papas,  J.  Ghrayeb,  N.  T.  Chang,  R.  C. 
Gallo,  and  F.  Wong-Staal.  1985.  Complete  nucleotide  sequence 
of  the  AIDS  virus,  HTLV-111.  Nature  (London)  313:277-284. 

26.  Ratner,  L.,  B.  Starcich,  S.  F.  Josephs,  B.  H.  Hahn,  E.  P.  Reddy, 
K.  J.  Livak,  S.  R.  Petteway,  Jr.,  M.  L.  Pearson,  W.  A.  Haseltine, 

S.  K.  Arya,  and  F.  W.  Staal.  1985.  Polymorphism  of  the  3'  open 
reading  frame  of  the  virus  associated  w  ith  the  acquired  immune 
deficiency  syndrome,  human  T-lymphotropic  virus  type  III. 
Nucleic  Acids  Res.  13:8219-8229. 

27.  Samuel,  K.  P.,  A.  Seth,  A.  Konopka,  J.  A.  Lautenberger,  and 

T.  S.  Papas.  1987.  The  3'orf  protein  of  human  immunodeficiency 
virus  shows  structural  homology  with  the  phosphorylation  do¬ 
main  of  human  interleukin-2  receptor  and  the  ATP-binding  site 
of  the  protein  kinase  family.  FEBS  Lett.  218:81-86. 

28.  Terwilliger,  E.,  J.  G.  Sodroski,  C.  A.  Rosen,  and  W.  A.  Hasel¬ 
tine.  1986.  Effects  of  mutations  within  the  3'  orf  open  reading 
frame  region  of  human  T-cell  lymphotropic  virus  type  111 
(HTLV-I1I/LAV)  on  replication  and  cytopathogenicity.  J.  Virol. 
60:754-760. 

29.  Viglianti,  G-  A.,  P.  L.  Sharma,  and  J.  I.  Mullins.  1990.  Simian 
immunodeficiency  virus  displays  complex  patterns  of  RNA 
splicing.  J.  Virol.  64:4207-4216. 


Proc.  Nall.  Acad.  Sci.  USA 
Vol.  88,  pp.  3097-3101,  April  1991 
Medical  Sciences 

Identification  of  a  determinant  within  the  human  immunodeficiency 
virus  1  surface  envelope  glycoprotein  critical  for  productive 
infection  of  primary  monocytes 

(macrophage/ tropism/third  variable  domain  of  gp  120/0)4! 

Peter  Westervelt*,  Howard  E.  Gendelman+,  and  Lee  Ratner** 

•Departments  of  Medicine  and  Molecular  Microbiology,  Washington  University  School  of  Medicine.  St.  Louis,  MO  63110:  and  ’Department  of  Cellular 
Immunology,  HIV  Immunopathogencsis  Program,  Walter  Reed  Army  Institute  of  Research  and  the  Henry  M.  Jackson  Foundation  for  the  Advancement 
of  Military  Medicine.  Rockville.  MD  20850 

Comn"i"i'-tited  by  Stuart  Kornfeld.  January  4.  1991 


ABSTRACT  Profound  differences  exist  in  the  replicative 
capacities  of  various  human  immunodeficiency  virus  1  isolates 
in  primary  human  monocytes.  To  investigate  the  molecular 
basis  for  these  differences,  recombinant  full-length  clones  were 
constructed  by  reciprocal  DNA  fragment  exchange  between  a 
molecular  clone  derived  from  a  monocyte-tropic  isolate  (ADA) 
and  portions  of  two  full-length  clones  incapable  of  infection  or 
replication  in  primary  monocyte  cultures  (HXB2  and  NL4-3I. 
Virions  derived  from  proviral  clones  that  contained  ADA 
sequences  encoding  vpu  and  the  N  and  C  termini  of  the  surface 
envelope  glycoprotein  (gp!20)  were  incapable  of  replication  in 
monocytes.  However,  a  283-base-pair  ADA  sequence  encoding 
amino  acids  240-333  of  the  mature  gpl20  protein  conferred  the 
capacity  for  high-level  virus  replication  in  primary  monocytes. 
The  predicted  amino  acid  sequence  of  this  ADA  clone  differed 
from  NM-3  and  HXB2  at  22  of  94  residues  in  this  portion 
gpl20,  which  includes  the  entire  third  variable  domain.  Only 
2  of  11  residues  implicated  in  CD4  binding  are  located  in  this 
region  of  gpl20  and  are  identical  in  HXB2,  NL4-3,  and  ADA. 
Alignment  of  the  ADA  sequence  with  published  amino  acid 
sequences  of  three  additional  monocyte-replicative  and  three 
monocyte-nonreplicative  clones  indicates  6  discrete  residues 
with  potential  involvement  in  conferring  productive  human 
immunodeficiency  virus  1  infection  of  primary  monocytes. 


Cells  of  monocyte-macrophage  lineage  present  targets  for 
infection  by  the  human  immunodeficiency  virus  1  (HIV-1)  in 
widely  diverse  tissues  in  vivo,  including  brain,  spinal  cord, 
lung,  lymph  node,  and  skin  (1).  These  observations  are  based 
on  extensive  documentation  by  several  different  investiga¬ 
tors  utilizing  electron  microscopy,  in  situ  RNA  hybridization, 
and  immunohistochemistry.  The  potential  importance  of 
macrophage  infection  in  AIDS  is  underscored  by  the  central 
role  of  infected  macrophages  in  the  pathogenesis  of  other 
lentivirus  infections,  such  as  visna  maedi  and  equine  infec¬ 
tious  anemia  virus,  in  which  the  macrophage  serves  as  a 
reservoir  of  virus  throughout  the  course  of  subclinical  infec¬ 
tion  and  disease  (2). 

Despite  these  observations,  however,  profound  differ¬ 
ences  exist  in  the  abilities  of  various  HIV-1  isolates  to  infect 
and  replicate  ;r  primary  monocytes  cultured  in  vitro.  Many 
primary  isolate,  derived  from  per  pheral  blood,  in  which 
CD4'  T  cells  represent  the  predominant  infected  cell  type, 
have  demonstrated  a  limited  capacity  for  replication  in  mono¬ 
cytes.  despite  highly  efficient  replicaton  in  peripheral  blood 
mononuclear  cells  (PBMCs:  primarily  lymphocytes)  <3_m. 
However,  several  groups  have  reported  productive  infection 
of  both  monocytes  and  PBMCs  by  using  primary  isolates 
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derived  from  brain  and  lung,  tissues  in  which  HIV-1  infection 
of  macrophages  predominates  (1.  5-7).  In  the  present  study, 
we  sought  to  determine  the  molecular  basis  for  HIV-1  infec¬ 
tion  and  replication  in  primary  monocytes  by  constructing 
chimeric  full-length  proviral  clones  from  a  molecular  clone 
derived  from  a  monocyte-replicative  isolate  (ADA)  and  two 
monocyte-nonreplicative  functional  clones  (NL4-3  and 
HXB2)  (8-10).  Our  results  indicate  that  a  discrete  portion  of 
the  HIV-1  surface  envelope  glycoprotein  (gpl20)  confers  the 
capacity  for  productive  infection  of  primary  monocytes. 

MATERIALS  AND  METHODS 

Cells.  COS-7  cells  were  obtained  from  the  American  Type 
Culture  Collection  and  maintained  as  monolayer  cultures  in 
Duibecco's  modified  Eagle's  medium  (DMEM)  supple¬ 
mented  with  10%  heat-inactivated  (56°C:  30  min)  fetal  calf 
serum  (Hazelton  Biologies,  Denver,  PA)  and  1  mM  sodium 
pyruvate.  PBMCs  were  purified  from  normal  human  leuko¬ 
cytes  (American  Red  Cross)  by  centrifugation  onto  Ficoll. 
After  3  days  of  stimulation  with  phytohemagglutinin  (15 
jtg/ml;  Sigma),  PBMCs  were  maintained  in  RPMI  1640 
medium  supplemented  with  10%  heat-inactivated  fetal  calf 
serum,  4  mM  glutamine,  and  recombinant  interleukin  2  (50 
units/ml;  Cetus).  Primary  monocytes  were  isolated  by  coun¬ 
tercurrent  centrifugal  elutriation  of  mononuclear  leukocyte- 
rich  cell  preparations  obtained  from  normal  donors  by  leu- 
kapheresis  (II),  Cell  suspensions  were  routinely  >95% 
monocytes  by  the  criteria  of  size  (by  Coulter  analysis)  and 
nonspecific  esterase  staining.  Elutriated  monocytes  were 
cultured  as  adherent  cell  monolayers  at  a  density  of  200,000 
cells  per  well  in  24-well  plates  in  A1M-V  medium  (GIBCO) 
supplemented  with  10%  heat-inactivated  normal  human  se¬ 
rum  (Pel-Freeze  Biologicals).  4  mM  glutamine,  and  recom¬ 
binant  monocyte-colony-stimulating  factor  (1000  units/ ml: 
Cetus). 

Molecular  Cloning  and  Recombinant  Provirus  Construc¬ 
tion.  The  isolation  and  functional  characterization  of  the 
full-length  HIV  1  proviral  clones  HXB2  and  NL4-3  have  been 
described  (9.  HI).  The  HIV-1  isolate  ADA  was  obtained  by 
cocultivalion  of  PBMCs  freshly  obtained  from  a  HIV-1- 
infected  individual  with  uninfected  primary  monocytes  as 
described  (8).  Hirt  supernatant  DNA  (12)  from  an  ADA- 
infected  monocyte  culture  was  digested  with  Stic  I.  ligated 
into  Sat  l-cut  Lambda  ZAP  phage  arms  (Stratagene).  and 
packaged  (Gigapack  Plus.  Stratagene)  to  generate  a  phage 


Abbreviations:  HIV-1,  human  immunodeficiencv  virus  1:  V3.  third 
variable  domain  of  gpl2(l:  I’HMC.  peripheral  blood  mononuclear 
cell;  RT.  reverse  tianscriptasc 
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library  (13);  250,000  plaques  were  screened  with  a  random 
hexamer-labeled  Sac  1/Sac  I  probe  derived  from  HXB2 
[nucleotides  5999-9571;  according  to  Myers  et  al.  (14)]. 
Phage  from  a  single  positive  plaque  was  isolated,  from  which 
phagemid  was  excised  and  demonstrated  to  contain  a  3.6- 
kilobase  (kb)  insert  by  restriction  enzyme  mapping.  To 
facilitate  the  construction  of  full-length  recombinant  clones 
containing  ADA-derived  sequences,  the  3.6-kb  Sac  f /Sac  I 
clone  was  subcloned  in  the  proper  orientation  into  a  pSVL- 
based  vector  (Pharmacia)  containing  Sal  1/Sac  I  (nucleotides 
5785-5999)  and  Sac  l/Xba  I  (nucleotide  9571-3'  polylinker) 
adaptor  sequences  from  the  clone  HXB2gpt2.  The  ADA 
clone  was  then  subdivided  by  reciprocal  fragment  exchanges 
between  the  chimeric  subclone  and  a  similar  subclone  con¬ 
taining  the  entire  HXB2gpt2-derived  Sal  l/Xba  l  sequence. 
The  resultant  recombinant  subclones  were  then  used  to 
generate  recombinant  full-length  clones  by  exchange  of  Sal 
1/BamHl  fragments  (nucleotides  5785-8474)  with  clone 
NL4-3.  The  structure  of  the  clones  was  confirmed  by  restric¬ 
tion  enzyme  and  nucleotide  sequence  analysis. § 

DNA  Sequence  Analysis.  DNA  sequencing  was  performed 
by  a  modification  of  the  dideoxynucleotide  method  using 
Sequenase  2.0  according  to  the  manufacturer's  protocols 
(United  States  Biochemical)  and  a  panel  of  oligonucleotide 
primers  spanning  the  3'  portion  of  the  HIV-1  genome  in  both 
orientations  (15). 

Virus  Infection.  Virus  stocks  were  generated  by  transfec¬ 
tion  of  50%  confluent  10-cm  COS-7  plates  with  10  /xg  of 
proviral  DNA  and  2  /ig  of  pCV-1  ( tat  expression  vector)  (16) 
by  the  calcium  phosphate  method  (13)  followed  by  dimethyl 
sulfoxide  shock  (2-min  wash  with  10%  dimethyl  sulfoxide  in 
DMEM  12  hr  posttransfection)  before  refeeding  with  fresh 
medium.  Culture  supernatants  were  harvested  36  hr  post¬ 
transfection,  filtered  (pore  size,  0.2  gm),  and  titered  by 
determination  of  reverse  transcriptase  (RT)  activity  (17). 
Viral  inocula  consisting  of  50.000  cpm  of  RT  activity  in  1  ml 
were  used  to  infect  200.000  primary  monocytes  7  days  after 
plating  or  500,000  PBMCs  4  days  after  plating.  Virus  repli¬ 
cation  was  monitored  by  serial  determinations  of  RT  activity 
in  culture  supernatants. 


RESULTS 

ADA  Molecular  Clone.  A  3569-base-pair  (bp)  Sac  1/Sac  I 
molecular  clone  was  isolated  from  unintegrated  DNA  pre¬ 
pared  from  a  monocyte  culture  productively  infected  w  it h  the 
ADA  isolate.  The  ADA  clone  spanned  the  entire  env.  vpu, 
and  mj  genes,  as  well  as  portions  of  tat,  rev.  and  the  3'  long 
terminal  repeat  (Fig.  1).  DNA  sequence  analysis  of  the  clone 
demonstrated  929?  overall  nucleotide  homology  with  HXB2. 
which  is  within  the  range  expected  for  unrelated  HIV-1 
isolates  ( 14).  Similarly,  predicted  amino  acid  homologies  with 
HXB2  ranged  from  809?  to  93%  in  the  encoded  open  reading 
frames  (data  not  shown).  The  regions  within  env  of  greatest 
amino  acid  homology  and  divergence  between  the  two  clones 
corresponded  to  previously  identified  conserved  and  variable 
domains,  respectively  (data  not  shown)  (18).  Each  of  the 
ADA-encoded  open  reading  frames  was  intact  and  full  length, 
in  contrast  to  HXB2.  in  which  vpu  lacks  an  initiator  methio¬ 
nine  codon  and  nef  is  truncated  at  123  amino  acids  (19). 
Furthermore,  the  ADA-encoded  lai  second  exon  extended  an 
additional  14  amino  acids  beyond  the  termination  codon 
observed  in  HXB2. 

Mapping  the  Monocyte  Tropism  Determinant.  A  panel  of 
chimeric  full-length  clones  was  constructed  to  assess  the 
ability  of  various  ADA  sequences  to  confer  the  capacity  for 


’’The  complete  nucleotide  sequence  of  the  ADA  clone  from  which  the 
amino  acid  sequence  reported  in  this  paper  was  derived  has  been 
deposited  in  the  (ierMank  data  base  (accession  no.  Mb0472» 
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Fig.  1.  Structure  of  the  ADA  molecular  clone.  The  3569-bp  ADA 
moleculai  done  (shaded  box)  is  aligned  with  the  open  reading  frames 
and  long  terminal  repeats  of  the  HIV-1  genome  above  (open  boxes). 


replication  in  primary  monocytes  upon  a  recombinant  con¬ 
struct  derived  from  the  monocyte-nonreplicative  clones 
NL4-3  and  HXB2  (Fig.  2).  The  NLHXADA  chimeras  were 
used  to  evaluate  the  ADA-encoded  vpu  and  discrete  fractions 
of  the  gpl20  portion  of  env,  both  separately  and  together,  for 
their  potential  roles  in  conferring  the  ability  to  replicate  in 
monocytes.  All  the  chimeric  NLHXADA  clones,  as  well  as 
NL4-3  and  HXB2,  generated  virions  capable  of  high  repli- 
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Fig.  2.  Replication  of  NLHXADA  recombinant  clones  in 
PBMCs  and  primary  monocytes,  (u)  A  panel  of  recombinant  clones 
generated  by  exchange  of  restriction  fragments  between  the  ADA. 
HXB2.  and  NI.4-3 clones  is  represented  diagrammaticallv  on  the  left 
I  he  2.7-kb  Sal  I/7tu»iHl  fragment  of  each  clone  has  been  expanded 
to  demonstrate  the  relative  positions  of  ADA-derived  sequences  and 
HXI12-derived  sequences  with  respect  to  the  open  reading  frames 
and  restriction  enzyme  sites  shown  above.  Peak  RT  activities 
( x  10  ')  generated  by  virions  derived  from  each  clone  in  PBMCs 
(days  12-18)  and  primary  monocytes  (days  18-24)  arc  indicated  on 
the  right.  ( b I  The  replication  kinetics  of  NI.4-3,  HXB2.  and  NL.HX- 
ADA-GP  in  PBMCs  (dashed  lines)  and  primary  monocytes  (solid 
lines)  are  show  n  Similar  results  were  obtained  in  two  to  five  replicate 
experiments. 
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cation  levels  in  PBMCs.  In  contrast,  only  a  subset  of  NLHX- 
ADA  clones,  designated  -SM,  -KM,  -GG,  and  -GP,  generated 
virus  capable  of  replication  levels  detectable  by  RT  assay  in 
primary  monocytes  (typically  180-  to  500-fold  higher  than 
background).  Each  of  these  clones  shared  in  common  a 
283-bp  Bgl  U/PpuMl  ADA-derived  sequence.  Virus  from 
NLHXADA  constructs  lacking  this  element  consistently 
failed  to  generate  RT  levels  detectable  above  background. 

The  283-bp  ADA-derived  element  encodes  amino  acids 
240-333  of  the  mature  ADA  surface  envelope  glycoprotein 
(Fig.  3).  This  portion  of  gpl20  encompasses  the  entire  third 
variable  domain  of  gpl20  (V3  loop)  (20)  but  includes  only  2 
of  11  amino  acid  residues  previously  demonstrated  to  par¬ 
ticipate  in  or  impact  on  binding  to  CD4  (21-24).  The  amino 
acid  sequence  predicted  by  the  Bgl  U/PpuMl  element  differs 
from  those  of  HXB2  and  NL4-3  at  22  of  94  positions.  To 
identify  amino  acids  potentially  involved  in  controlling  HIV-1 
replication  in  monocytes,  predicted  amino  acid  sequences 
from  three  monocyte-replicative  clones  (ADA,  SF162,  Yu2) 
and  three  monocyte-nonreplicative  clones  (HXB2,  NL4-3, 
SF2)  were  aligned  (9,  19,  25.  26).  In  addition,  the  sequence  of 


a  molecular  clone  derived  from  a  'nonocyte-replica’ive  iso¬ 
late  in  our  laboratory  (JF-L)  was  included  with  the  former 
group,  although  no  data  on  the  functional  properties  of  this 
clone  yet  exist  (6)  (Fig.  4).  Based  on  the  alignment,  six  amino 
acid  residues  were  identified  (ADA  gpl20  residues  242,  275, 
283,  287,  302,  and  313),  which  were  different  in  every  case 
between  the  monocyte-replicative  and  -nonreplicative  clones 
and  could  potentially  account  for  the  observed  phenotypic 
difference.  Of  particular  note  was  the  presence  of  a  tyrosine 
residue  at  position  283  in  each  monocyte-replicative  clone, 
and  the  presence  of  an  acidic  residue  at  position  287  in  each 
monocyte-replicative  clone,  in  contrast  to  the  monocyte- 
nonreplicative  clones,  which  each  contained  a  basic  residue 
at  this  position. 

DISCUSSION 

Through  the  use  of  chimeric  HIV-1  molecular  clones,  we 
have  demonstrated  a  discrete  region  ofgpl20  to  be  critical  for 
productive  infection  of  primary  monocytes.  Our  results  are 
consistent  with  data  obtained  in  other  retroviral  systems, 


Flo.  3.  Diagram  ol  Ihe  A  DA -encoded  surface  envelope  glycoprotein  The  primary  structure  of  the  mature  gpl20  protein  predicted  by  the 
ADA  clone  is  shown  superimposed  on  the  secondary  structure  determination  of  the  HXH2  pp  1 20  (modified  with  permission  (20):  copyright  The 
American  Society  for  Biochemistry  and  Molecular  Biology  1990J.  Residues  encoded  by  the  monocyte  Iropism  determinant  (residues  240-333) 
are  represented  as  shaded  circles,  residues  implicated  in  CD4  binding  are  represented  as  partially  shaded  circles:  the  remaining  residues  arc 
represented  as  open  circles  Residues  located  within  variable  domains  are  enclosed  in  boxes  Arrow  s  designate  residues  identified  by  sequence 
alignment  l see  lug  4)  as  potentially  involved  in  conferring  the  ability  to  establish  productive  infection  of  primary  monocytes. 
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Fig.  4.  Amino  acid  alignment  of  proposed  tropism  determinants  from  monocyte-nonreplicative  and  -replicative  clones.  The  predicted  amino 
acid  sequence  of  the  monocyte  tropism  determinant  from  ADA  is  aligned  with  those  of  six  additional  clones.  The  clones  SF162,  Yu2.  and  JF-L 
are  grouped  with  ADA  as  capable  of  productively  infecting  monocytes,  whereas  the  clones  HXB2,  NL4-3,  and  SF2  are  grouped  as  incapable 
of  productive  monocyte  infection,  based  on  the  data  in  Fig.  2  (NL.4-3,  HXB2,  and  ADA),  on  published  data  (SF2  and  SF162;  ref.  25).  and  on 
our  unpublished  data  (Yu2  and  JF-L).  Amino  acid  numbers  shown  correspond  to  those  of  the  mature  ADA  gp]20  protein  (HXB2  gp]20  residues 
243-337).  Dots  mark  the  position  of  every  10th  residue.  Asparagine  residues  involved  in  N-linked  glycosylation  are  underlined  (20).  Arrows 
indicate  residues  shown  to  be  necessary  forCD4  binding.  The  V3  domain  is  also  indicated.  Positions  at  which  all  four  monocyte-replicative  clones 
differ  from  residues  encoded  by  the  three  monocyte-nonreplicative  clones  are  highlighted  by  solid  boxes. 


including  avian  leukosis  viruses,  avian  sarcoma  viruses,  and 
murine  leukemia  viruses,  in  which  alterations  in  env  have 
been  shown  to  be  responsible  for  changes  in  host  cell  tropism 
(27-30).  More  recently,  it  was  reported  that  “the  envelope 
region"  of  HIV-1  was  responsible  for  conferring  monocyte 
tropism  (25).  In  that  study,  involving  the  monocyte- 
nonreplicative  and  -replicative  clones  SF2  and  SF162.  re¬ 
spectively,  the  capacity  for  replication  in  primary  monocytes 
was  mapped  to  a  3.1-kb  EcoRl/Xho  I  fragment,  which  was 
exchanged  between  clones.  However,  since  that  fragment 
encoded  not  only  env,  but  also  tat,  rev,  vpu,  and  portions  of 
vpr  and  nef,  it  was  unclear  which  specific  gene(s)  was 
involved  in  controlling  replication  in  monocytes.  Consistent 
with  that  study,  our  findings  are  important  in  that  we  clearly 
demonstrate  the  critical  role  of  env  in  HIV-1  infection  of 
primary  monocytes.  Furthermore,  we  have  fine-mapped  the 
env  determinant  to  a  discrete  94-amino  acid  region  of  the 
surface  envelope  glycoprotein,  which  encompasses  the  entire 
V3  loop  but  contains  only  two  residues  with  previously 
demonstrated  involvement  in  binding  to  CD4.  Moreover, 
both  of  these  residues  are  identical  between  ADA,  HXB2. 
and  NL4-3. 

The  mapping  of  this  determinant  to  an  env  region  apart 
from  the  CD4  binding  domain  is  intriguing  on  several  counts. 
Previous  studies  have  indicated  that  CD4  acts  as  the  receptor 
for  HIV-l  in  primary  monocytes  as  well  as  T4  lymphocytes 
(31-34).  C'D4  expression  on  the  surface  of  cultured  mono¬ 
cytes  has  been  demonstrated  by  immunofluorescence  and 
Western  blotting  (34).  Recombinant  soluble  CD4  and  anti- 
CD4  antibodies  effectively  block  HIV-1  infection  of  primary 
monocytes  (33-35).  However,  it  has  been  reported  that  lower 
CD4  binding  affinities  were  associated  with  the  abilities  of 
various  HIV-1  isolates  to  infect  primary  monocytes  and  that 
higher  concentrations  of  soluble  CD4  were  required  to  block 
infection  of  both  monocytes  and  T  cells  by  those  isolates  (33. 
35.  36).  These  data  have  been  interpreted  as  suggestive  of 
“accessory"  envelope  interactions  with  elements  on  the 
monocyte  cell  surface  in  addition  to  those  with  CD4  (36).  In 
such  a  scenario,  an  attenuated  CD4  affinity  might  reflect  a 
diminished  requirement  for  a  strong  envelope -CD4  interac¬ 
tion  in  the  presence  of  putative  accessory  interaction! s). 
Although  it  remains  a  possibility  that  residues  within  the 
94-amino  acid  element  identified  in  this  study  may  altect  C  1)4 
binding  in  an  as  yet  unappreciated  manner,  our  data  suggest 
that  attenuation  of  CD4  binding  affinity  may  not  play  a  direct 
role  or  represent  an  absolute  requirement  for  HIV-1  inlection 
of  monocytes.  Our  data  remain  consistent,  however,  with  the 
notion  of  a  monocyte  infectivitv  determinant  in  env  that 
functions  by  mediating  accessory  non-C'D4  interactions  at  the 
cell  suriace. 


The  V3  loop  has  received  a  great  deal  of  attention  in  the 
recent  past,  since  it  has  been  shown  to  contain  the  immuno¬ 
dominant  epitopes  against  which  the  majority  of  type-specific 
neutralizing  antibody  responses  in  vivo  are  directed  (37,  38). 
Furthermore,  it  has  been  suggested  recently  that  during  the 
early  stage  of  HIV-1  infection,  a  pioteolytic  cleavage  event 
involving  the  V3  loop  of  gpl20  may  be  required  after  CD4 
binding  for  normal  fusion  with  the  cell  membrane  and  virion 
uptake  to  occur  (39).  This  hypothesis  is  based  on  observa¬ 
tions  that  gpl20  cleavage  occurs  during  production  of  recom¬ 
binant  envelope  protein  in  vitro  and  that  a  protease  inhibitor 
purified  from  mast  cells  (trypstatin),  as  well  as  V3  loop 
peptides,  inhibit  both  proteolytic  cleavage  and  syncytia  for¬ 
mation  in  infected  CD4’  T  cells  (39.  40).  A  requirement  for 
V3  loop  cleavage  by  cell-surface  protease(s)  with  limited 
tissue  distribution  has  been  postulated  further  as  a  mecha¬ 
nism  for  restricting  the  host  cell  tropism  of  the  virus  (39.  41). 
According  to  such  a  model,  with  which  our  data  would  be 
consistent,  monocytes  may  display  on  their  surface  prote¬ 
asels)  that  recognize  only  certain  V3  loop  sequences  in 
contrast  to  less  discriminatory  CD4  *  lymphocyte  cell-surface 
proteases.  Further  fine  mapping  of  the  tropism  determinant 
identified  in  this  study,  as  well  as  determinations  of  relative 
CD4  binding  affinities  for  the  ADA  and  HXB2  gpl20s.  should 
provide  additional  insight  into  the  potential  significance  of 
CD4  binding  affinity  and  V3  loop  cleavage  in  the  determina¬ 
tion  of  HIV-1  host  cell  tropism.  Furthermore,  our  localization 
of  a  monocyte  infecti  vity  determinant  to  a  discrete  portion  of 
env  will  facilitate  future  studies  of  antigenic  drift  within  the 
determinant  in  vivo.  These  studies  should  in  turn  provide 
valuable  insights  into  the  role  of  monocyte  infecti  vity  in  the 
natural  history  of  HIV-1  infection  with  respect  to  phenomena 
such  as  latency,  disease  progression,  and  responses  to  var¬ 
ious  antiviral  therapies. 

The  roles  of  the  various  HIV-1  accessory  genes,  including 
tut.  rev.  vpr.  \  if.  vpu.  and  nef.  are  understood  poorly  in  the 
context  of  monocyte  infection,  largely  because  molecular 
clones  capable  of  infection  and  replication  in  primary  mono¬ 
cytes  have  only  lecently  been  described.  In  a  recent  study 
involving  tne  HIV-2  (sbl/isy)  proviral  clone,  w  hich  replicates 
in  both  monocy  tes  and  I  cells,  it  was  reported  that  vpr  was 
essential  for  replication  in  monocytes  but  not  in  I’BMC's  or  a 
(  D4  ‘  1-cell  line  (43 1.  In  contrast,  a  frameshifi  mutation  in  net 
exerted  no  demonstrable  effect  on  replication  in  monocyte s. 
The  use  of  N  1.4-3  in  the  construction  of  the  NLHXADA 
clones  described  in  this  studv  will  facilitate  an  evaluation  ol 
the  potential  roles  of  both  vpr  and  nef.  since,  unlike  HXB2. 
both  genes  encode  full-length  proteins  in  NI  .4-3  (9).  The  fact 
that  HXB2-dem ed  sequences  encode  the  vpu  gene  in  the 
NL.HXADA  clone'  KM.  (id.  and  til’,  all  of  which  repli- 
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cated  well  in  primary  monocytes,  suggests  that  i pit  function 
is  not  an  absolute  requirement  for  HIV-1  replication  in 
monocytes  since  the  HXB2  vpu  gene  lacks  an  initiator 
methionine  codon  (19).  Further  studies  involving,  for  in¬ 
stance,  mutagenesis  of  the  various  accessory  genes  will 
address  the  intriguing  possibility  that  additional  genetic  de¬ 
mentis),  acting  independently  or  in  concert  with  the  env 
determinant,  play  a  role  in  mediating  HIV-1  tropism  for 
primary  monocytes. 

Note.  After  this  work  was  completed.  O'Brien  el  til.  (43)  and  Liu  el 
til.  (44)  published  similar  reporls,  which  are  consistent  with  these 
findings. 
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Training  Program  grant,  and  Training  Grant  5T32A107172  (P.W.). 
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^  Incorporation  of  12-methoxydodecanoate  into  the  human 

immunodeficiency  virus  1  gag  polyprotein  precursor  inhibits  its 
proteolytic  processing  and  virus  production  in  a  chronically 
infected  human  lymphoid  cell  line 

(protein  N-myristoylation/AIDS/fatty  acid  analogs) 

Martin  L.  Bryant*,  Lee  Ratner1^,  Robert  J.  Duronio**,  Nandini  S.  Kishore^,  Balekudru  Devadas", 
Steven  P.  AdamsII,  and  Jeffrey  I.  Gordon1** 

Departments  of  "Pediatrics.  fMedicine.  *Molecular  Microbiology,  and  'Molecular  Biology  and  Pharmacology.  Washington  University  School  of  Medicine.  St 
Louis.  MO  63110;  'Molecular  and  Cell  Biology  Department.  G.  D.  Searle.  St.  L.ouis.  MO  63198.  and  'Corporate  Research  Department.  Monsanto  Company. 
St.  Louis,  MO  63198 

Communicated  by  Howard  A.  Schneiderman** ,  November  21 .  1990  (received  for  review  September  4.  1 990 1 

ABSTRACT  Covalent  linkage  of  myristate  (tetradec-  fatty  acid  to  PrS.S*^  is  required  for  HIV-1  replication:  trans- 
anoate;  14:0)  to  the  NH2-terminal  glycine  residue  of  the  human  fection  of  HeLa.  COS.  or  Jurkat  cells  with  a  functional 

immunodeficiency  virus  J  (HIV-1)  55-kDa  gag  polyprotein  provirus  clone  of  HIV-1  containing  a  Gly-2  — ►  Ala  mutation 

precursor  (Pr55gilg)  is  necessary  for  its  proteolytic  processing  in  Pr55gat:  eliminates  virus  production  (3,  4).  The  nonmyris- 

and  viral  assembly.  We  have  shown  recently  that  several  toylated  mutant  protein  appears  to  undergo  redistribution 

analogs  of  myristate  in  which  a  methylene  group  is  replaced  by  from  the  membrane  to  the  cytosolic  fraction  (4).  Blockade  of 
a  single  oxygen  or  sulfur  atom  are  substrates  for  Saccharomyces  myristoylation  is  also  associated  with  a  dramatic  reduction  in 

cerevisiae  and  mammalian  myristoyl-CoA:protein  A'-myris-  the  rate  of  proteolytic  processing  of  the  polyprotein  precursor 

toyltransferase  (EC  2.3.1.97;  NMT)  despite  their  reduced  by  viral  protease  (4). 

hydrophobicity.  Some  inhibit  HIV-1  replication  in  acutely  We  have  shown  (5)  that  heteroatom-substituted  analogs  of 

infected  CD4+  H9  cells  without  accompanying  cellular  toxicity.  myristate  inhibit  HIV-1  replication  in  acutely  infected  CD4’ 

To  examine  the  mechanism  of  their  antiviral  effects,  we  per-  H9  cells.  In  these  analogs,  a  methylene  group  is  replaced  by 

formed  labeling  studies  with  two  analogs,  12-methoxydode-  a  single  oxygen  or  sulfur  atom.  Such  replacements  produce 

•  canoate  (13-oxamyristate;  13-OxaMyr)  and  5-octyloxypen-  a  reduction  in  hydrophobicity  comparable  to  the  loss  of  two 

tanoate  (6-oxamyristate;  6-OxaMyr),  the  former  being  much  to  four  methylene  groups  without  significant  alterations  in 

more  effective  than  the  latter  in  blocking  virus  production.  chain  length  or  stereochemistry  (6).  Metabolic  labeling  stud- 

[JH]Myristate  and  [3H]13-OxaMyr  were  incorporated  into  ies  (7)  using  several  cultured  cell  lines  indicated  that  these 

Pr55**R  with  comparable  efficiency  when  it  was  coexpressed  analogs  enter  mammalian  cells  and  are  substrates  for  acyi- 

with  S.  cerevisiae  NMT  in  Escherichia  coli.  [3H]6-OxaMyr  was  CoA  synthetase  and  mv ristoyl-CoA: protein  A'-myristoyl- 

not  incorporated,  even  though  its  substrate  properties  in  vitro  transferase  (NMT).  Analog  incorporation  is  very  selective: 

were  similar  to  those  of  13-OxaMyr  and  myristate.  (JH]I3-  only  a  subset  of  cellular  N-myristoylated  proteins  incorpo- 

OxaMyr,  but  not  [3HJ6-OxaMyr,  was  also  efficiently  incorpo-  rate  a  given  analog,  and  a  given  protein  may  incorporate  one 

rated  into  HIV-1  PrSS*"*  and  nef  (negative  factor)  in  chroni-  but  not  another  analog  depending  on  the  site  of  heteroatom 

cally  infected  H9  cells.  Analog  incorporation  produced  a  re-  substitution  (7).  This  probably  reflects  the  cooperative  inter- 

distribution  of  Pr55gaR  from  membrane  to  cytosolic  fractions  actions  that  occur  between  the  acyl-CoA  and  peptide  binding 

and  markedly  decreased  its  proteolytic  processing  by  viral  sites  of  NMT:  in  vitro  studies  with  purified  Saccharomyces 

protease.  13-OxaMyr  and  3'-azido-3'-deoxythymidine  (AZT)  cerevisiae  NMT  indicate  that  binding  of  analog-CoA  species 

act  synergistically  to  reduce  virus  production  in  acutely  in-  can  produce  changes  in  the  catalytic  efficiencies  ( Vm/ATm>  of 

fected  119  cells.  Unlike  AZT,  the  analog  is  able  to  inhibit  virus  some  but  not  all  octapeptide  substrates  (6.  8).  These  studies 

production  (up  to  70%)  in  chronically  infected  H9  cells.  (7)  also  revealed  that  analog  incorporation  had  very  selective 

Moreover,  the  inhibitory  effect  lasts  6-8  days.  These  results  effects  on  protein  targeting.  Only  a  small  subset  of  analog- 

suggest  that  (i)  its  mechanism  of  action  is  distinct  from  that  of  substituted  proteins  underwent  redistribution  from  the  mem- 

AZT  and  involves  a  late  step  in  virus  assembly;  (it)  the  analog  brane  to  cytosolic  fractions.  An  even  smaller  subset  of 

may  allow  reduction  in  the  dose  of  AZT  required  to  affect  viral  proteins  displayed  analog-specific  redistribution — i.e..  one 

replication;  and  (Hi)  combinations  of  analog  and  HIV-I  pro-  analog  affected  targeting  while  another  analog,  containing  an 

tease  inhibitors  may  have  synergistic  effects  on  the  processing  oxygen-for-methylene  substitution  at  a  different  position, 

of  Pr55K“B.  produced  no  detectable  change  in  protein  eompartmenlali/a- 

-  lion  (7). 

Myristic  acid  (14:0)  is  covalently  linked  via  an  amide  bond  to  Exploiting  cellular  NM1  activity  to  deliver  analogs  ot 

the  NH;-terminal  glycine  residues  of  several  proteins  en-  myristate  with  altered  physicochemical  properties  provides 
coded  by  the  human  immunodeficiency  virus  1  (HIV-1)  an  opportunity  to  examine  (in  vivo)  structural  features  ot  the 
genome — the  55-kDa  gag  polyprotein  precursor  (Pr55B"B).  the  acyl  moietv  that  affects  the  functional  properties  of  individual 
180-kDa  gag-pol  fusion  protein,  and  a  27-kDa  protein  termed _ 

•  "negative  factor  "  (nef).  whose  precise  role  in  regulating  virus  Abbreviations:  HIV  I.  human  immunodeficiency  virus  I;  NMT. 

replication  remains  uncertain  (1.  2).  Attachment  of  this  rare  myristovl-CoAproiein  .V-myristoyltransferase  (EC  2.3.1.97);  AZT. 

.V-a/ido-3 "-deoxy thy midine :  13-OxaMyr.  1 3-oxamyristate  (12- 
methoxydodecanoatel:  b-()xaMyr.  6-oxamyrixtate  (5-octyloxypen- 
tanoic  acid):  RT.  reverse  transcriptase:  Pr55|WI'.  55-kDa  gag  poly- 
protein  precursor;  net.  negative  factor. 

‘"Deceased  December  5.  1990. 
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N-myristoylated  proteins.  In  this  report,  we  used  radiola¬ 
beled  analogs  to  begin  to  define  the  mechanism  of  their 
inhibitory  effects  on  HIV-1  assembly  in  acutely  and  chron¬ 
ically  infected  lymphoid  cell  lines.  The  results  are  consistent 
with  the  notion  that  these  compounds  function  in  a  manner 
that  is  distinct  from  3'-azido-3’-deoxythymidine  (AZT). 

MATERIALS  AND  METHODS 

Vectors  for  Expression  of  gag,  gag-pol,  or  nef  in  Escherichia 
coli.  pGGl  contains  a  functional  clone  of  HIV-1  (HXB2gpt2 
in  ref.  9).  pGAl  was  produced  by  mutagenesis  of  the  codon 
encoding  Gly-2  in  the  gag  gene  of  pGGl  to  a  codon-encoding 
alanine  (4).  Oligonucleotide-directed  mutagenesis  was  used 
to  introduce  a  new  Nco  I  restriction  site  at  the  initiator 
methionine  (ATG)  codon  contained  in  the  5.3-kilobase  (kb) 
Sac  I  fragment  of  pGGl  or  pGAl.  pMGGl  and  pMGAl  are 
gag  expression  vectors  created  by  subcloning  the  Xco 
1-EcoRl  “subfragments"  from  each  of  the  above  plasmids 
into  pMON5840  (10).  pMGPGl  and  pMGPAl  are  gag-pol 
expression  vectors  with  codons  encoding  Gly-2  and  Ala-1, 
respectively.  They  were  constructed  by  subcloning  the  Nco 
I  -Nco  1  fragments  from  pGGl  and  pGAl  into  pMON5840. 

The  polymerase  chain  reaction  was  used  to  introduce 
simultaneously  a  new  Nco  I  site  at  the  initiator  methionine 
(ATG)  codon  and  a  unique  //tndlll  site  3'  to  the  termination 
codon  of  the  nef  gene,  in  p2/3MBNGl  (11)  and  in  p2/ 
3MBNA1  (which  contains  a  Gly-2  — ►  Ala  mutation).  The 
627-base-pair  (bp)  Nco  I-//indlII  fragment  from  each  plasmid 
was  subcloned  into  pMON584(),  yielding  the  nef  expression 
vectors  pMNGl  and  pMNAl,  respectively. 

Metabolic  Labeling  Studies  in  Human  Lymphoid  Cells. 
Uninfected  CD4*  H9  cells  or  those  chronically  producing 
HIV-1  (H9IIIB.  ref.  9)  were  grown  in  RPMI  1640  medium 
containing  10%  (vol/vol)  fetal  bovine  serum,  100  units  of 
penicillin  per  ml,  100  gig  of  streptomycin  per  ml,  and  2  mM 
glutamine.  Cells  (107)  were  "starved"  overnight  in  RPMI 
1640/5%  delipidated  fetal  bovine  serum  and  then  incubated 
for  8  hr  with  fresh  medium  supplemented  with  1  mCi  ( 1  Ci  = 
37  GBq)  of  pHImyristate  or  tritiated  analog  (final  specific 
activity,  32  Ci/mmol)  per  ml  and  5  mM  pyruvate.  Cells  were 
washed  twice  with  phosphate-buffered  saline  (PBS)  at  4°C. 
scraped  into  ice-cold  PBS,  pelleted  by  centrifugation  at  250 
x  g  for  10  min,  and  lysed  in  radioimmunoprecipitation  assay 
buffer  (4).  For  immunobloi  analyses,  50  gig  of  reduced  and 
denatured  lysate  protein  was  separated  by  SDS/PAGF  (12) 
and  electroblotted  onto  nitrocellulose  membranes.  Virus- 
specific  proteins  were  identified  by  sequential  incubation  of 
the  blot  with  (t)  pooled  sera  of  AIDS  patients  or  a  monospe¬ 
cific  rabbit  polyclonal  anti-nef  serum:  (it)  biotin-conjugated 
goat  anti-human  (or  anti-rabbit)  IgG;  (i77)  avidin-conjugated 
horseradish  peroxidase  (HRP);  and  ( tv )  the  HRP  substrate 
4-chloro-l-naphthol. 

Chronic  Virus  Replication  Assay.  H9IIIB  cells  were  dis¬ 
pensed  at  2  x  10s  cells  per  ml  of  RPM I  1640  medium  into  each 
well  of  48-well  culture  plates.  An  equal  volume  of  serum-free 
RPMI  1640  medium  with  or  without  analog  (or  AZT)  was 
immediately  added.  After  48  hr,  the  cells  were  washed  with 
serum-free  medium  to  remove  residual  virus,  refed  with 
complete  medium  with  or  without  antilog,  and  maintained  in 
culture  for  an  additional  48  hr.  The  cell  culture  supernatant 
was  subsequently  collected,  filtered  through  a  0.22-pm  Mil- 
lipore  filter,  and  assayed  for  reverse  transcriptase  activity 
(13)  or  p24  virus  antigen  (Du  Pont,  ELISA). 

Toxicity  Studies.  Cell  viability  was  measured  at  the  end  of 
the  treatment  period  in  both  acute  (4)  and  chronic  replication 
assays  by  (()  metabolic  labeling  studies  with  |'H|!eucine  or 
( 'H|thymidinc  (5)  and  (i/t  determination  of  the  number  of 
viable  cells  based  on  trvpan  blue  exclusion  (5). 


RESULTS 

Hctcroatom-<  ontaining  Analogs  of  Myristate  Serve  as  Al¬ 
ternative  Substrates  for  .S',  cerevisiae  NMT  and  Are  Linked  to 
the  gag  and  nef  Proteins  of  IUV-1  Expressed  in  E.  coli.  HIV-1 
Pr55*a,!  is  efficiently  N-myristoylated  when  expressed  in  S. 
cerevisiae  (14).  Therefore,  we  first  compared  the  substrate 
properties  of  myristate  with  the  oxygen-substituted  analogs 
in  a  coupled  in  vitro  assay  (6)  that  contained  purified  S 
i  erevisiae  NMT  (8)  and  a  radiolabeled  oclapeplide  (Gly-Ala- 
Arg-|'H]Ala-Ser-Val-L.eu-Ser-NH_>)  representing  residues 
2-9  of  P^.A^'F  The  results  (Table  1)  indicated  that  when 
converted  to  GoA  thioesters.  the  three  fatty  acids  have  quite 
similar  kinetic  properties. 

A  second  and  more  "physiologic"  assay  for  analog  incor¬ 
poration  involved  the  use  of  a  dual  plasmid  expression 
system  (5'ig.  1A)  that  allows  us  to  recreate  this  eukaryotic 
protein  modification  in  E.  coli.  a  bacterium  that  contains  no 
endogenous  NMT  activity  (10).  .S',  cerevisiae  NMT  can  be 
efficiently  synthesized  (~1%  of  total  E.  coli  proteins)  when 
its  gene  is  placed  under  the  control  of  the  isopropyl  /l-o 
thiogalactoside-inducihle  lac  promoter  in  the  plasmid 
pBB131  (10).  Moreover,  the  fatty  acid  and  peptide  substrate 
specificities  of  E.  co/i-derived  S.  cerevisiae  NMT  are  indis¬ 
tinguishable  from  those  of  the  authentic  yeast  enzyme  (8.  1(0 
A  second  plasmid  containing  the  nalidixic  acid-inducible 
recA  promoter  can  be  used  to  direct  production  of  a  protein 
that  is  a  known  or  potential  substrate  for  the  en/vrne. 
Sequential  induction  of  each  promoter  (NMT  first)  allows 
N-myristoylation  to  occur  “in  vivo "  (10).  When  NM  I  and 
either  wild-type  (Gly-2)  gag-pol  (pMGPGl)  or  gag  (pGGli 
sequences  were  coexpressed  in  E.  coli.  a  prominent  radio¬ 
labeled  41-kDa  band  was  recovered  from  [3H)myristate- 
labeled  lysates  by  using  anti-HIV-1  serum  (Fig.  1 R.  lanes  1 
and  3).  Since  synthesis  of  the  180-kDa  gag-pol  polyprotein  in 
eukaryotic  cells  occurs  by  an  inefficient  translational  frarm 
shifting  mechanism  (15).  we  did  not  expect  to  find  a  labele  . 
product  of  this  size  in  E.  coli.  However,  only  trace  quantities 
of  the  intact  I’HImyristate-labeled  Pr55p',,:  polypeptide  were 
noted  after  immunoprecipitation  of  E.  coli  lysates  even 
though  this  species  could  be  easily  detected  in  immunoblots 
(Western  blots)  of  the  same  lysates  (compare  Fig.  1 H  Lett  and 
Rixltl).  | Previous  studies  in  E.  coli  (16.  17)  and  S.  cerevisiae 
(14)  indicated  that  Pr55|U,!  undergoes  proteolytic  processing 
to  a  41-kDa  form  even  in  the  absence  of  HIV  protease  | 

The  |*H)myristate  41-kDa  labeled  band  was  not  present  in 
lysates  prepared  from  tit  sti.uns  pioducing  NM  1  and  mutant 
(Ala-2-containing)  gag-pol  (pMGPAl)  or  gag  (pGAl)  polv  ■ 
peptides  and  Hi)  strains  that  contained  pBB131  and 
pM()N5840,  the  expression  vector  lacking  HIV-1  sequences 
(Fig.  1/1.  lanes  2.  6.  and  9).  Western  blot  analysis  revealed 


Table  1  In  vino  characterization  of  Tat t \  acid  analogs  using  an 
oc'apeptide  KiARASVI  S  MM  derived  from  the  Ml-  terminus 
of  HIV- 1  I’rssS't 
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Fig.  1.  Coexpression  of  5.  cerevisiae  NMT  and  HIV-1  gag,  gag-pol,  or  nef  in  E.  coli.  Dual  plasmid  expression  system.  (B)  Coexpression 
of  NMT  and  HIV  gag,  or  gag-pol,  in  midlogariihmic  phase  E.  coli  metabolically  labeled  (9)  with  [3H]myristic  acid  (myr)  or  tritiated  analog  (ref. 
7;  final  specific  activity  =  32  Ci/mmol;  lOOgiCi/ml  of  culture).  (B  Left )  Immunodetection  of  HIV  gag  in  the  E.  coli  lysates  (50  /zg  of  total  protein) 
after  reduction,  denaturation,  and  electrophoresis  through  7.5-20%  polyacrylamide  gels.  Anti-HIV-1  sera  were  used  to  probe  the  Western  blot. 
(B  Right)  Immunoprecipitation  of  the  (3H]myristic  acid- or  tritiated  analog-labeled  HIV-1  gag  protein  with  the  same  antiserum.  (C)  Coexpression 
of  NMT  and  HIV-1  nef  in  E.  coli  (50  fig  of  total  protein)  labeled  with  [3H)myristate  or  tritiated  analog  and  detected  by  immunoCot  I  Left)  or 
immunoprecipitation  (Right)  v.  ith  rabbit  anti-nef  sera.  06,  6-OxaMyr;  013,  13-OxaMyr;  glO-L,  bacteriophage  T7  gene  10  leader. 


that  the  steady-state  levels  of  the  55-  and  41-kDa  wild-type 
and  mutant  gag  polypeptides  were  identical  in  all  E.  coli  gag 
transformants  and  that  neither  species  was  present  in  bacteria 
containing  pBB131  and  pMON5840  (Fig.  IB  Left).  Control 
experiments  also  established  that  strains  containing  wild- 
type  gag  or  gag-pol  recombinant  plasmids  alone  or  either  of 
the  plasmids  with  pMON5839  (pBB131  without  the  NMTI 
insert)  failed  to  incorporate  [3H]myristate  (data  not  shown). 

Parallel  studies  revealed  that  tritiated  12-methoxydodec- 
anoate  [13-oxamyristate  (13-OxaMyr)]  was  as  efficiently  in¬ 
corporated  into  the  wild-type  gag  as  myristate  (compare  lanes 
3  and  4  in  Fig.  IB).  Incorporation  was  blocked  with  the  Gly-2 
— »  Ala  mutation  and  required  simultaneous  expression  of 
both  NMT  and  gag  (or  gag-pol)  (Fig.  IB,  lanes  7  and  10). 
Interestingly,  ti  itiated  5-octyloxypentanoate  [6-oxamyristate 
(6-OxaMyr)]  produced  no  detectable  labeling  of  the  wild-type 
gag  proteins  (T  g.  IB,  lanes  5,  8,  and  11).  This  finding, 
together  with  the  in  vitro  data  presented  in  Table  1  and  the 
fact  that  treatment  with  the  radiolabeled  analog  had  no  effect 
on  the  steady-state  levels  of  the  HIV-1  proteins  in  E.  coli  (as 
determined  by  Western  blots),  suggested  that  the  efficiency 
of  import  of  [3H]6-OxcMyr  by  the  E.  coli  fatty  acid  trans¬ 
porter  (18)  may  be  poor,  Subsequent  analyses  showed  that 
after  a  30-min  incubation  period,  uptake  of  |'H]6-OxaMyr 
into  logarithmically  growing  E.  coli  strain  JM101  is  1  /10th 
that  of  [3H113-OxaMyr,  allowing  us  to  postulate  that  the 
position  of  heteroatom  substitution  may  effect  interactions 
with  this  inner  membrane-associated  protein  (18). 

Similar  labeling  patterns  were  seen  with  nef  (Fig.  1C). 
Myristate  and  13-OxaMyr  were  incorporated  into  this  protein 
with  comparable  efficiency  (compare  lanes  1  arA  3  in  Fig.  1C 
Right).  F-ven  though  the  wild-type  (Gly-2)  an  '  •'  tant  (Ala-2) 
nef  proteins  achieved  comparable  steady-state  levels  (Fig.  1C 
Left),  only  the  Gly-2-containing  species  was  labeled  (Fig.  1C 
Right,  compare  lane  1  with  4  and  3  with  6).  Incorporation  of 
(’Hjmyristate  or  the  analog  required  simultaneous  expression 
of  NMT  and  nef  (Fig.  1C  Right,  lanes  1  and  7);  |  'H]6-()xaMyr 
labeled  this  protein  poorly  (lanes  2  and  5). 

13-OxaMyr  Inhibits  Proteolytic  Processing  of  HIV- 1  Pr55K"R 
in  Chronically  Infected  Human  Lymphoid  Cells.  H9/IIIB  cells 


chronically  produce  HIV-1.  Labeling  studies  indicated  that 
[3H]myristate-labeled  gag  proteins  (55  and  41  kDa)  are  almost 
equally  distributed  between  cytosolic  (S100)  and  membrane 
(P100)  fractions  prepared  (4)  from  these  cells  (cytosolic/ 
membrane  ratio  =  1;  Fig.  2 B).  The  pl7  matrix  antigen  of 
HIV-1  contains  the  NH2-terminal  myristoyl  moiety  and  is 
cleaved  by  the  virus-specific  protease  from  Pr55ga*  at  the 
plasma  membrane  during  virus  assembly.  Fig.  2 B  shows  that 
this  [JH]myristate-labeled  protein  is  almost  exclusively  as¬ 
sociated  with  the  P100  fraction.  The  additional  27-  and 
25-kDa  labeled  bands  seen  in  these  lanes  represent  incorpo¬ 
ration  of  myristrie  into  nef  species  (these  were  immunopre- 
cipitated  wmi  „  monospecific  rabbit  anti-nef  serum)  (Fig. 
2 C).  Dete  tion  ot  two  N-myristoylated  forms  of  nef  is  not 
surprising  because  the  H9/IIIB  isolate  is  a  mixture  of  at  least 
three  viral  strains  and  produces  several  nef  species  including 
the  intact  27-kDa  protein  as  well  as  a  species  that  is  truncated 
at  the  COOH  terminus  (refs.  9.  11,  and  12  and  our  unpub¬ 
lished  observations). 

13-OxaMyr  was  incorporated  into  the  27-  and  25-kDa  nef 
proteins  but  did  not  affect  their  predominant  cytosolic  dis¬ 
tribution  (Fig.  2C).  By  contrast,  13-OxaMyr  incorporation 
into  Pr55gag  was  associated  with  a  redistribution  from  the 
membrane  to  the  cytosolic  fraction  (cytosolic/membrane 
ratio  =  3;  Fig.  2 B).  Moreover,  there  was  a  marked  reduction 
in  the  intensity  of  labeling  of  pl7  (compare  the  myristate-  and 
13-OxaMyr-labeled  pellet  fractions  in  Fig.  2 B).  suggesting 
that  the  analog  inhibited  proteolytic  processing  of  Pr55gat. 
Incubation  of  H9/IIIB  cells  with  |3H]b-OxaMyr  for  8  hr 
resulted  in  very  poor  labeling  of  nef  (Fig.  2D  and  virtually 
undetectable  labeling  of  the  gag  proteins  (Fig.  2 P). 

To  examine  the  specificity  of  the  analog's  effect  on  pro¬ 
teolytic  processing,  we  incubated  H9/IIIB  cells  for  48  hr  with 
40  gM  13-OxaMyr,  40  /aM  dccanoatc  (10:0)  (the  hydropho- 
bicities  of  13-OxaMyr  and  decanoate  are  equivalent:  ref.  6). 
0.1%  ethanol  (the  solvent  used  to  dissolve  the  analog),  or  5 
giM  t\L T.  Western  blots  of  total  cellular  proteins  were  then 
probed  with  a  mouse  monoclonal  anti-p24  antiserum  (4). 
Pr55iKw  an(j  j(s  SpCtjf|C  cleavage  product  p24  were  readily 
identified  in  each  of  the  lysates  (Fig.  2A).  A  marked  decrease 
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Fig.  2.  13-OxaMyr  blocks  proteolytic  processing  of  HIV-1  PrSS^  in  chronically  infected  human  lymphoid  cells.  (A)  Immunoblot  detection 
of  HIV  PrSS6**  and  p24  in  H9IIIB  cells  after  incubation  with  medium  alone  (lanes  C),  0.1%  ethanol  (lane  E),  40  jxM  decanoic  acid  (lane  CIO), 
40  |iM  13-OxaMyr  (lane  013),  or  5  /iM  AZT  (lane  AZT).  A  monoclonal  anli-p24  antibody  (4)  was  used.  (B)  Immunoprecipitation  of  HI  V-l  proteins 
in  100,000  x  g  soluble  (lanes  S)  or  pellet  (lanes  P)  fractions  of  H911IB  cells  metabolically  labeled  (4)  with  |3H)myristate  (lanes  myr), 
[3H]13-OxaMyr  (lanes  013),  or  (3H]6-OxaMyr  (lanes  Ob).  The  intact  Pr55Eag  is  indicated  by  an  asterisk.  (C)  Immunoprecipitation  of  HIV  nef 
species  from  the  same  fractions  as  in  B.  The  results  shown  in  A-C  are  representative  of  those  obtained  in  three  independent  experiments. 


in  proteolytic  processing  of  Pr55gag  to  p24  was  noted  only 
with  analog  treatment. 

[3H]13-OxaMyr  Reduces  the  Concentration  of  AZT  Re¬ 
quired  to  Inhibit  HIV-1  Replication  in  an  Acute  Replication 
Assay.  13-OxaMyr  produces  a  dose-dependent  reduction  in 
HIV-1  production  in  acutely  infected  CD4+  H9  cells  without 
accompanying  cellular  toxicity:  the  =90%  reduction  in  cell- 
free  reverse  transcriptase  (RT)  and  p24  antigen  levels 
achieved  with  20-40  p. M  analog  is  comparable  to  that  pro¬ 
duced  by  5  pM  AZT  (5).  We  examined  the  combined  effect 
of  13-OxaMyr  and  AZT  because  (/')  the  data  presented  in  Fig. 
2  suggested  that  13-OxaMyr  may  affect  a  step  that  occurs  late 
in  virus  replication  (i.e.,  assembly  at  the  membrane  and/or 
proteolytic  processing  of  gag  polyprotein  precursors),  and  (if) 
AZT  blocks  proviral  DNA  synthesis  by  inhibiting  RT — an 
early  step  in  virus  infectivity.  We  determined  in  preliminary 
experiments  (data  not  shown)  that  0.03  pM  AZT  produced  a 
50%  reduction  in  virus-associated  RT  activity.  At  concen¬ 
trations  where  neither  analog  nor  AZT  alone  produced  sig¬ 
nificant  (>10%)  reductions  in  virus  production,  the  combi¬ 
nation  of  the  two  compounds  produced  a  moderate  but 
reproducible  synergistic  effect  (0.01  or  0.02  pM  AZT  plus  0.1 
or  1.0  pM  analog  in  Fig.  3A).  When  the  concentration  of 
analog  exceeded  10  pM  or  when  AZT  was  added  at  0.05  pM 
or  more,  the  advantage  of  combining  drugs  was  obscured  by 
the  significant  effect  of  each  alone. 

[3H)13-OxaMyr  Inhibits  Chronic  HIV-1  Production  in  119/ 
IIIB  Cells.  Chronically  infected  cells  in  human  hosts  could 
play  a  significant  role  in  HIV-1  persistence  and  latency.  Virus 
production  from  such  cells  would  not  be  affected  by  treat¬ 
ment  with  AZT.  However,  compounds  that  disrupt  late  steps 
in  virus  replication  could  decrease  virus  load  and  interrupt 
the  replicative  cycle.  Therefore,  the  effects  of  40  pM  13- 
OxaMyr,  40  pM  decanoate,  5  pM  AZT,  and  0.1%  ethanol 
were  compared  in  chronically  infected  cells.  A  60%  reduction 
in  p24  antigen  and  RT  activity  was  documented  2  days  after 
treatment  with  analog:  AZT,  decanoate,  or  ethanol  had  no 
effect  on  these  measures  of  virus  production  (Fig.  3 B). 
Furthermore,  analog  treatment  had  no  demonstrable  toxic 
effects  on  the  host  H9  cells  as  measured  by  cell  number  and 
protein  synthesis  (Fig.  3fl). 

The  long-term  effect  ^.f  this  analog  (50  pM)  on  virus 
production  was  tested  by  extending  the  treatment  period  to 
12  jays  (Fig.  3 C).  RT  activity  was  reduced  =70%  by  day  6 
o  ' treatment  and  was  maintained  at  this  level  until  removal  of 
l.-OxaMyr  from  the  culture  medium.  Analog  withdrawal 
resulted  in  a  progressive  rise  in  RT  activity.  However,  no 


increases  were  noted  for  48  hr,  and  levels  had  not  fully 
returned  to  pretreatment  or  control  (0.1%  ethanol)  values  8 
days  later  (Fig.  3 C).  (Note  that  the  number  of  viable  cells  in 
each  of  the  test  groups  was  comparable  at  the  end  of  the  test 
period.)  The  long-lived  antiviral  effect  suggests  that  the 
analog  is  able  to  avoid  metabolic  processing  and/or  that  the 
intracellular  levels  of  drug  that  are  required  to  inhibit  HIV-1 
replication  may  be  very  low. 

DISCUSSION 

We  have  explored  the  mechanism  by  which  myristic  acid 
analogs  can  selectively  inhibit  HIV-1  replication  and  assem¬ 
bly.  A  dual  plasmid  expression  system  that  reconstitutes 
protein  N-myristoylation  in  E.  coli  was  initially  used  to 
determine  whether  two  fatty  acid  analogs — differing  only  in 
the  site  of  the  oxygen-for-methylene  substitution — could  be 
converted  to  their  CoA  thioesters  and  incorporated  into 
HIV-1  Pr55gag  and  nef  proteins.  [}H]13-OxaMyr  worked  as 
well  as  myristate  in  this  assay  system  and  also  was  incorpo¬ 
rated  into  these  two  proteins  in  H9  cells.  This  analog  causes 
PrSS838  to  redistribute  from  membrane  to  cytosolic  fractions 
and  markedly  reduces  its  proteolytic  processing  by  viral 
protease.  These  results  have  implications  not  only  about  the 
function  of  the  myristoyl  moiety  in  Pr55s',t>  but  also  about 
potential  therapeutic  strategies  for  the  treatment  of  AIDS. 

The  metabolic  labeling  studies  carried  out  in  HIV-1- 
infected  H9  cells  confirmed  our  earlier  hypothesis  (5)  that 
13-OxaMyr  serves  as  an  alternative  substrate  for  human 
lymphocyte  acyl-CoA  synthetase  and  NMT.  The  poor  incor¬ 
poration  of  |3H]6-OxaMyr  into  gag  and  nef  was  part  of  a 
general  failure  to  label  H9  cellular  proteins'compared  with 
[’Hjmyristate  and  (3H|13-OxaMyr  (data  not  shown).  Studies 
with  a  murine  myocyte  cell  line  (BCjHl)  and  rat  fibroblasts 
have  indicated  that  6-OxaMyr  is  incorporated  into  a  much 
smaller  subset  of  cellular  proteins  than  is  13-OxaMyr(7).  This 
may  reflect  differences  in  their  uptake,  conversion  to  acyl- 
CoAs,  susceptibility  to  metabolic  processing,  and/or  inter¬ 
actions  with  NMT. 

flic  two  observed  consequences  of  incorporating  13- 
Oxa5  r  into  Pr55*3g  (redistribution  from  membrane  to  cyto¬ 
solic  ..  ictions  and  inhibition  of  proteolytic  processing)  may 
be  interrelated.  Gly-2  — >  Ala  mutagenesis  of  Pr55gag  blocks 
N-myristoylation  and  proteolytic  processing  in  HeLa  cells 
(4).  However,  the  Myr'  -Pr55*aR  can  be  processed  by  purified 
HIV  protease  in  vitro  (4).  The  myristoyl  moiety  may  be 
required  for  intermolecular  association  of  the  larger  gag-pol 
precursor  and  autocataiytic  release/activation  of  viral  pro- 
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Fig.  3.  Effect  of  13-OxaMyr  (013)  on  the  propagation  of  HIV-1 
in  acute  and  chronic  replication  assays.  ( A )  Combined  effect  of 
13-OxaMyr  and  AZT  on  virus  replication  in  an  acute  infectivity  assay 
(5).  HIV-l-infected  H9  cells  were  treated  with  13-OxaMyr,  AZT,  or 
both  for  10  days  (5),  and  virus  replication  was  measured  by  RT 
activity  and  compared  to  untreated  orethanol  (0.1%)-treated  infected 
cells.  The  SEM  at  each  point  varied  no  more  than  10%  (n  -  2 
experiments,  each  assay  done  in  triplicate).  (B)  The  effect  of  40 
13-OxaMyr  (bars  0-13).  5  p.M  AZT,  40  fjM  decanoate  (bars  00:0), 
and  0. 1%  ethanol  on  virus  production  and  cell  viability  in  chronically 
infected  H9/UIB  cells  is  expressed  as  a  percentage  of  untreated 
virus-producing  cells.  (C)  The  long-term  effect  of  50  (iM  13-OxaMyr 
on  HIV-1  replication  in  chronically  infected  H91IIB  cells.  The 
virus-producing  cells  were  treated  with  50  /zM  13-OxaMyr  (013)  or 
0.1%  ethanol  for  48  hr,  washed  to  remove  residual  virus,  and  refed 
every  other  day  with  medium  containing  either  13-OxaMyr  or 
ethanol.  On  day  12,  the  cells  were  washed  and  refed  with  medium 
alone. 


tease  (19)  or  it  may  exert  its  effects  by  stabilizing  association 
with  the  plasma  membrane  where  such  protein-protein  in¬ 
teractions  could  become  more  likely,  and  autocatalytic  cleav¬ 
age,  more  efficient.  Although  the  precise  mechanism  is 
unclear,  out  data  suggest  that  treatment  of  H9  cells  with 
combinations  of  HIV  protease  inhibitors  and  heteroatom- 


containing  analogs  may  produce  even  greater  (synergistic?) 
inhibition  of  gag  polyprotein  precursor  processing.  Addi¬ 
tional  experiments  with  radiolabeled  analogs  containing 
other  structural  perturbations  may  provide  further  insights 
about  the  physical-chemical  features  of  the  acyl  chain  that  are 
required  for  tirgeting  and  processing  of  HIV-1  gag  proteins. 

The  results  obtained  in  the  chronic  virus  replication  assay 
are  consistent  with  the  hypothesis  that  13-OxaMyr  affects  a 
late  step  in  the  virus  life-cycle.  However,  it  is  premature  to 
conclude  that  the  analog  exerts  its  antiviral  effects  only  as  a 
result  of  its  incorporation  into  gag,  gag-pol,  or  nef.  It  may 
perturb  the  biological  function  of  other  cellular  N-myristoyl- 
ated  proteins  that  could  modulate  the  course  of  viral  infec¬ 
tion.  For  example,  the  NH2-terminal  region  of  the  src-like 
protein  tyrosine  kinase,  p56lck,  interacts  with  the  cytoplasmic 
domain  of  the  cell-surface  glycoproteins  CD4/CD8  on  the 
inner  aspect  of  the  plasma  membrane  (20,  21).  Such  interac¬ 
tions  appear  to  be  important  in  T-lymphocyte  proliferation 
and  activation  (21).  Analog  incorporation  into  p56ick  may 
disrupt  these  events.  Our  results  do  raise  the  possibility  that 
combination  chemotherapy  with  these  analogs  and  AZT  not 
only  may  allow  reduction  in  the  dose  of  AZT,  but  also  may 
provide  a  therapeutic  strategy  that  is  useful  for  both  acute  and 
chronic  aspects  of  viral  infection. 

This  work  was  supported  by  grants  from  the  National  Institutes  of 
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The  regulation  of  human  immunodeficiency  virus  type  1  infection  and  replication  in  primary  monocytes  was 
investigated  by  mutagenesis  of  recombinant  proviral  clones  containing  an  env  determinant  required  for  the 
infectivity  of  monocytes.  Virus  replication  was  assayed  by  determination  of  reverse  transcriptase  activity  in 
culture  fluids  and  by  recovery  of  virus  from  monocytes  following  cocultivation  with  uninfected  peripheral  blood 
mononuclear  cells.  Three  virus  replication  phenotypes  were  observed  in  monocytes:  productive  infection,  silent 
infection,  and  no  infection.  Incorporation  of  the  monocytetropic  env  determinant  in  a  full-length  clone 
incapable  of  infection  or  replication  in  primary  monocytes  (no  infection)  conferred  the  capacity  for  highly 
efficient  virus  replication  in  monocytes  (productive  infection).  Clones  with  the  env  determinant  but  lacking 
either  functional  vpr  or  vpu  genes  generated  lower  replication  levels  in  monocytes.  Mutation  of  both  vpr  and 
vpu,  however,  resulted  in  nearly  complete  attenuation  of  virus  replication  in  monocytes,  despite  subsequent 
virus  recovery  from  infected  monocytes  by  cocultivation  with  uninfected  peripheral  blood  mononuclear  cells 
(silent  infection).  These  findings  indicate  a  central  role  for  the  “accessory”  genes  vpu  and  vpr  in  productive 
human  immunodeficiency  virus  type  1  replication  in  monocytes  and  indicate  that  vpu  and  vpr  may  be  capable 
of  functional  complementation. 


Human  immunodeficiency  virus  type  1  (HIV-1)  infection 
of  macrophages  has  been  demonstrated  in  brain,  spinal  cord, 
lung,  lymph  node,  and  skin  during  subclinical  infection  and 
disease  and  is  postulated  to  underlie  important  clinical 
manifestations  of  HIV-1  infection,  including  disease  latency 
and  development  of  a  spectrum  of  AIDS-related  central 
nervous  system  disorders  (2,  4,  11,  14,  15,  19,  33,  37). 
However,  detailed  molecular  analysis  of  virus-host  cell 
interactions  involving  monocytes  was  limited  until  recently 
by  the  restricted  tropism  of  the  earliest  and  most  widely 
studied  HIV-1  genetic  clones  for  primary  monocytes  cul¬ 
tured  in  vitro  (14,  15).  Previously,  we  and  others  have 
demonstrated  that  a  discrete  env  determinant,  including  the 
V3  loop  but  not  the  CD4-binding  domain,  is  necessary  and 
sufficient  for  HIV-1  infection  of  monocytes  (23,  29,  36). 
Additionally,  we  have  identified  three  virus  replication  phe¬ 
notypes  in  monocytes  in  vitro,  using  molccularly  defined 
proviral  clones  (35).  These  include  productive  infection, 
with  the  generation  of  high  virus  replication  levels;  silent 
infection,  with  low  to  undetectable  virus  replication  in 
monocytes,  despite  ultimate  virus  recovery  from  infected 
monocytes  following  cocultivation  with  uninfected,  phyto- 
hemagglutinin-stimulated  peripheral  blood  mononuclear 
cells  (PBMGs  (lymphoblasts]):  and  no  infection,  with  neither 
virus  replication  in  nor  virus  recovery  from  monocytes 
observed.  In  the  present  study,  we  investigated  the  roles  of 
the  HIV-1  “accessory”  genes  vpr  and  vpu,  which  arc 
dispensable  for  virus  replication  in  primary  and  immortal¬ 
ized  CD4  1  T  lymphocytes.  We  demonstrate  that  vpr  and  vpu 
are  central  to  the  regulation  of  virus  replication  in  primary 
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momrcyics  and  together  mediate  the  expression  of  silent 
versus  productive  infection. 

To  study  viral  regulation  of  monocyte  infection,  we  uti¬ 
lized  a  panel  of  chimeric  HIV-1  clones,  constructed  from  the 
nonmonocytctropic  clone  HXB2  and  the  monocytetropic 
clone  ADA,  as  previously  described  (16,  2b.  35,  36).  To 
correct  a  vpr  defect  in  each  of  these  clones,  the  result  of  a 
single  base  insertion  in  HXB2,  2.7-kb  Sa/1-BarnHl  I1XADA 
DNA  fragments  (nucleotides  5785  to  8474)  were  subcloncd 
into  the  full-length  proviral  clone  NL4-3,  in  which  the  vpr 
open  reading  frame  is  intact  (1).  The  resultant  NLHXADA 
clones  contained  the  ADA-derived  env  determinant  previ¬ 
ously  localized  to  nucleotides  7040  to  7323.  Hanked  by 
additional  ADA-  or  HXB2-derived  sequences  encoding 
other  portions  of 'env  and  vpu  and  small  portions  of  tat  and 
rev.  A  clone  in  which  the  entire  5785-to-8474  sequence  was 
HXB2  derived  (thus  lacking  a  monocytetropic  cur  determi¬ 
nant)  was  used  as  a  negative  control  for  these  experiments. 
Because  H.XB2  lacks  a  i pit  initiator  methionine  codon, 
clones  in  which  vpu  was  IIXB2  derived  were  defective  lor 
that  product,  in  contrast  to  clones  with  an  ADA-encoded 
vpu.  I'inally.  a  vpr  mutant  corresponding  to  each  NI.HY- 
ADA  clone  was  generated  bv  introducing  a  Iramcshift  mu¬ 
tation  at  codon  63. 

Virions  from  the  recombinant  clones,  generated  bv  trans¬ 
fection.  were  assayed  lor  their  ability  to  infect  and  replicate 
in  primary  monocytes  by  the  presence  ol  reverse  tran¬ 
scriptase  (RT)  activity  in  culture  supernatants  (25)  and  by 
the  ultimate  rcco\cr\  ol  virus  following  cocultivation  ol 
monocytes  with  uninfected  I’BMCs.  The  results  are  summa¬ 
rized  in  I  ig.  1.  All  clones  containing  the  ADA-derived  env 
determinants  and  an  intact  vpr  gene  generated  high  virus 
replication  lee  els  m  monocytes.  Inactiv  ation  ol  vpr  in  these 
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IK!.  1.  Replication  ol  recombinant  HIV-1  clones  with  I'olli  wild-type  and  mutant  c/»g  ones.  (A)  The  panel  of  recombinant  M  MX  AD  \ 
clones  IS  represented  diagrammatic.ilK  I  lie  region  ot  the  genome  cot  responding  to  the  IIXADA  tiaements  i nucleotules  s"S'  to  S4“-4  is 
expanded  to  highlight  the  relative  positions  ol  IIXli2  anil  ADA  derived  sequences.  lire  open  readme  liaines  m  this  portion  o!  tile  genome 
.ire  represented  above.  Recombinant  clones  were  generated  by  reciprocal  DNA  fragment  exchanges  ol  ADA-  and  HXB2-deiived  sequences 
into  a  .SWI  rtrwtlll  fragment  1x7x5  to  xf"l)  liom  IIXB2  subcloned  into  an  intermediate  shuttle  vector,  ulih/ui”  the  uslticiion  ett/vmc 
sites  indicated  on  top.  f  lic  resultant  chimeric  Su/I  Himt]  If  Iragments  were  then  suhcloncd  into  the  clone  Nl  4  1  to  generate 
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clones,  however,  generated  divergent  results,  depending 
upon  the  derivation  of  nucleotide  sequences  5099  to  6345 
(SK  fragment).  Clones  in  which  this  portion  of  the  genome 
was  ADA  derived  generated  lower  (but  readily  detectable) 
virus  replication  levels  than  did  their  wild-type  vpr  counter¬ 
parts.  However,  vpr  mutants  in  which  SK  was  HXB2 
derived  typically  failed  to  generate  virus  replication  levels 
detectable  above  background  in  monocytes,  despite  subse¬ 
quent  virus  recovery  from  these  cultures  onto  uninfected 
PBMCs.  The  negative  control  clone,  which  carried  a  wild- 
type  vpr  but  lacked  the  monocytetropic  env  determinant, 
generated  virions  which  neither  replicated  in  nor  were 
recovered  from  monocytes,  as  previously  demonstrated.  No 
significant  differences  were  seen  in  the  replication  of  each 
virus  strain  on  PBMCs  obtained  from  several  different 
donors. 

Monocytes  were  infected  with  recombinant  HIV-1  clones 
containing  a  functional  vpr  gene,  stained  with  toluidine  blue, 
and  examimed  by  light  microscopy  (l-pm-thick  plastic  sec¬ 
tions).  Cultures  infected  with  a  nonmonocytetropic  virus, 
NLHXADA-SK,  which  contains  a  functional  vpu  gene,  were 
indistinguishable  from  uninfected  cells,  with  rare,  small 
multinuclcatcd  cells  (Fig.  2A).  Cultures  productively  in¬ 
fected  with  virus  containing  the  monocytetropic  env  deter¬ 
minant  and  a  functional  (NLHXADA-SM  [Fig.  2B|)  or 
nonfunctional  (NLHXADA-GG  [Fig.  2C[)  vpu  gene  showed 
characteristic  cytopathic  effects  (15).  These  consisted  of  the 
formation  of  multinuclcatcd  giant  cells,  often  containing  10 
or  more  nuclei  per  cell,  and  cell  lysis.  The  frequencies  and 
sizes  of  these  cells  were  comparable  in  the  NLHXADA- 
SM-  and  NLHXADA-GG-infcctcd  monocyte  cultures.  Virus 
production  and  cellular  degeneration  and  necrosis  were 
primarily  confined  to  the  multinucleated  cells.  Transmission 
electron  microscopy  examination  demonstrated  typical  bud¬ 
ding  and  mature  virions  in  intracellular  vacuoles  that  were 
associated  with  the  plasma  membrane,  in  both  the  presence 
and  absence  of  vpu,  but  not  in  the  NLHXADA-SK-infccted 
cells  (Fig.  2D).  Freeze  fracture  scanning  electron  micros¬ 
copy  demonstrated  budding  of  virion  particles  from  the 
plasma  membrane  of  monocytes  infected  with  virus  which 
lacked  a  functional  vpu  (Fig.  2E).  No  virus  could  be  detected 
in  monocytes  infected  with  recombinant  clones  lacking  both 
vpr  and  vpu  (data  not  shown). 

The  SK  fragment  encodes  the  entire  vpu  gene  product,  14 
amino  acids  at  the  C  termini  of  both  the  tat  and  the  rev  first 
exons,  and  the  N-terminal  41  amino  acids  of  env  (Fig.  3). 
Although  the  absence  of  a  vpu  initiator  methionine  codon  in 
HXB2  is  the  most  obvious  difference  between  the  SK 
portions  of  HXB2  and  ADA,  a  role  for  tut,  rev,  or  env  could 
not  be  ruled  out.  The  env  sequences  differ  at  7  of  41 
predicted  amino  acid  positions,  not  including  the  nonaligned 
insertion  of  3  residues  and  deletion  of  4  residues  in  ADA.  All 
but  three  of  these  differences  are  confined  to  the  signal 
peptide,  which  varies  by  up  to  3()'r  between  different  clones 


(2(1).  Furthermore,  tut  and  rev  both  differ  at  3  ol  14  amino 
acid  positions  between  the  ADA  and  HXB2  SK  fragments, 
with  four  of  these  six  changes  being  conservative  in  nature. 
Therefore,  it  is  unlikely  that  these  alterations  in  env,  tat ,  or 
rev  alter  their  function.  However,  to  formally  determine  the 
specific  requirement  for  vpu  during  HIV-1  infection  of  mono¬ 
cytes,  the  i pit  initiator  methionine  codon  of  the  silent 
infection  clone  NLHXADA-GG  (vpr  mutant  I  was  restored 
by  site-directed  mutagenesis.  The  resultant  clone  was  found 
to  generate  virus  capable  of  productive  infection  of  mono¬ 
cytes  (data  not  shown). 

HIV-1  and  related  lentiviruses  are  distinct  from  most  other 
retroviruses  in  that  besides  the  structural  pup.  pal.  and  env 
genes  common  to  all  retroviruses,  they  also  encode  a  num¬ 
ber  of  genes  whose  functions  have  been  shown  or  are 
speculated  to  be  regulatory  in  nature.  In  HIV-1,  these  genes 
include  tat,  rev,  vif,  nef,  vpu,  and  vpr  (6-8,  26,  32,  38).  While 
tat,  rev,  and  vif  are  essential  for  viral  gene  expression  or 
virion  infectivity.  the  precise  role  and  overall  importance  ol 
vpr,  vpu,  and  nef  are  unclear,  since  these  genes  are  dispens¬ 
able  for  virus  infection  and  replication  in  CD4  ‘  lymphocytes 
in  vitro  (8-10,  12,  13,  22,  24,  30,  32).  The  availability  of 
molecular  HIV-1  clones  which  infect  and  replicate  in  mono¬ 
cytes  at  levels  comparable  to  those  observed  with  many 
monocytetropic  virus  isolates  has  facilitated  investigation  of 
the  role  that  these  viral  genes  may  play  in  regulating  the 
virus  life  cycle  in  monocytes.  In  the  present  study,  we 
observed  moderately  decreased  levels  of  virus  replication  in 
the  absence  of  cither  vpr  or  vpu,  whereas  in  the  absence  ol 
both  genes,  virus  replication  in  monocytes  dropped  to  levels 
barely  at  or  below  the  level  of  detection  by  the  RT  assay, 
such  that  infection  of  these  cells  usually  could  be  detected 
only  by  virus  rescue  onto  PBMCs. 

The  vpr  open  reading  frame  encodes  a  protein  of  96  amino 
acids  in  most  HIV-1  clones  and  is  conserved  in  other 
lentiviruses,  including  visna-maedi  virus  (20.  31).  Previous 
studies  have  shown  that  vpr  is  not  required  for  HIV-1 
infection  or  replication  in  CD4  *  lymphocytic  cell  lines  in 
vitro,  although  its  inactivation  led  to  slower  replication 
kinetics  and  delayed  cytopalhogcnicity  in  these  cells  (6.  10. 
24).  A  recent  study  involving  HIV  type  2  (HIV-2)  has  shown 
that  vpr  is  likewise  dispensable  during  infection  of  PBMCs 
and  T-ceil  lines  but  essential  for  productive  infection  of 
monocytes  (17).  The  vpr  protein  has  been  demonstrated  by 
radioimmunoprecipitation  to  be  virion  associated,  and  *  ms  it 
is  speculated  to  function  either  late  in  the  v  irus  life  >  vcle, 
during  particle  assembly  or  maturation,  or  early,  during  the 
initial  stages  of  infection  (6).  The  vpu  gene  encodes  an  80- 
to-82-amino-acid  protein.  It  has  not  been  reported  whether 
the  i pu  protein  is  found  in  virion  particles,  i pit  has  been 
shown  to  augment  virion  particle  release  front  infected  cells 
without  affecting  levels  ol  viral  RNA  or  protein  synthesis  (8. 
32).  In  the  absence  ol  vpu,  a  higher  ratio  of  immature  to 
mature  particles  has  been  seen,  with  a  shift  in  capsid 


recombinant  NLIIXADA  clones.  To  inactivate  vpr,  clones  were  digested  with  /-.ooRI  (nucleotide  5745).  treated  with  Kletiow  fragment,  and 
religated  to  generate  a  4-bp  insertion,  as  previously  described  (24 1.  The  replication  levels  ol  these  clones  in  monocytes  are  summarized  to  the 
right  of  each  clone.  Monocytes  were  infected  as  previously  described  (3h)  by  using  filtered  virus  stocks  generated  by  translection  ol  proviral 
DNA  onto  SW4K0  cell  monolayers,  and  tilers  were  determined  try  measuring  RT  activity.  Infections  were  done  at  lo".  multiplicities  ot 
infection  ( 1(1  to  1(M)  tissue  culture  infective  doses  per  well )  w  ith  monocytes  plated  at  an  initial  density  ol  2  x  ltf  cells  per  well.  \  trus  replication 
was  monitored  by  serial  determinations  of  RT  activity  in  culture  supernatants  (25).  Peak  Rf  activities  (days  2b  lo  2b)  are  expressed  as  10 
counts  per  minute  per  milliliter.  To  determine  virus  rescue.  Iresh.  uninlecled  I’liMCx  were  added  lo  monocyte  cultures  at  20  days 
postinfection,  cocultivated  (co-cult)  for  2  days,  and  maintained  separately  for  up  to  12  additional  days,  while  RT  ;ic  I  is  its  was  monitored 
Rescue  was  scored  as  positive  with  two  successive  RT  results  that  were  more  than  fivefold  above  background  level.  (Ill  1  he  replication 
kinetics  ot  representative  NI.IIXAD4  d-mes  is  graphed.  Similar  results  were  obtained  m  three  to  live  icphcate  expctimcnts. 
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FIG.  2.  Light,  transmission,  and  freeze  fracture  scanning  electron  microscopy  ot  inlecied  monocytes.  Light  nncrogiaphs  ol  tohmlme 
blue-stained  semithin  plastic  sections  showing  typical  fields  of  primary  monocytes  inletted  by  nonmonocytelropic  clone  Nl.l  IXADA-SK  l.’>) 
(A)  and  monocytetropic  clones  NLHXADA-SM  (B)  and  NLHXADA-GG  <(')  are  shown  (15).  The  multinucleated  giant  cells  were  fewer  and 
smaller  in  panel  A  than  in  panels  B  and  C.  Magnification.  x4<S(l.  Infected  adherent  cultured  cells  were  carefully  washed  twice  with 
phosphate-buffered  saline  (PBS),  fixed  in  situ  with  2ri  glutaraldehyde  (pll  7.2)  in  PBS,  scraped  free  with  a  rubber  policeman,  transferred  to 
a  15-ml  plastic  conica1  tube,  and  pelleted  for  10  min  at  600  x  q  centrifugation.  The  cells  were  mixed  with  warm  agar,  repelleted  in  the 
Microfuge  for  1  min,  and  refrigerated  overnight  lo  form  a  firm  agar  block.  1  lie  ceil  block  w„,  uivided  mm  small  pieces  and  processed  into 
Spurr's  plastic,  after  osmification  and  block  uranyl  acetate  staining  (15).  Sections  (1  gm  thick)  were  stained  with  toluidine  blue  for  light 
microscopy,  while  thin  sections  (600  A  [60.0  nm|)  were  stained  with  ura.ivl  acetate  and  lead  citrate  for  transmission  electron  microscopy.  ( 111 
Transmission  electron  micrograph  of  a  small  portion  of  a  multinucleated  cell  Irom  NL1  IXADA-GG-infected  monocytes  showing  a 
cytoplasmic  vacuole  (lower  left)  containing  immature  and  mature  virions  and  numerous  typical  mature  particles  associated  with  a  stretch  ol 
plasma  membrane.  Magnification,  x 54.0(H).  (L)  Transmission  electron  microscopy  view  of  NLlIXADA-GG-infected  monocytes,  stabilized 
by  formaldehyde  fixation  before  quick-freezing,  freeze-dry  ing,  and  platinum  replication  (16).  Budding  from  the  convoluted  surface  are  several 
50-nm-diameter  brightly  outlined  spherical  virus  particles.  At  higher  magnification  I not  shown),  these  display  characteristic  surface  coals  ol 
gpl20  “pegs.” 


formation  from  the  plasma  membrane  to  intracellular  mem¬ 
branes  (8).  In  monocytes,  however,  particle  assembly  and 
release  occur  both  at  the  plasma  membrane  and  in  intracel¬ 
lular  vacuoles  in  the  presence  or  absence  of  vpu,  as  shown  in 
Fig.  2D. 

It  is  intriguing  that  HIV-2  and  simian  immunodeficiency 
virus  lack  a  vpu  open  reading  frame  but  instead  carry  a  gene 
designated  vpx,  which  encodes  a  protein  of  114  to  118  amino 
acids  in  these  viruses  (20).  vpu  and  vpx  occupy  similar 
positions  in  their  respective  viral  genomes,  between  pol  and 
env,  but  have  only  distant  amino  acid  homology.  Recently,  it 
has  been  suggested  that  vpx  and  vpr  arose  by  duplication 
from  a  common  progenitor  in  HIV-2,  and  simian  immunode¬ 
ficiency  virus,  on  the  basis  of  predicted  amino  acid  sequence 
homology  between  the  genes  (34).  To  investigate  the  possi¬ 
bility  of  a  similar  link  between  vpr  and  vpu  in  HIV-1,  the 
predicted  amino  acid  sequences  of  both  vpu  and  vpx  were 
aligned  with  that  of  vpr  (Fig.  4).  Although  less  compelling 
that  the  homology  between  vpr  and  vpx ,  a  38CT  identity  was 
observed  between  vpr  and  vpu  over  a  24-rcsidue  overlap  at 
the  C  terminus  of  vpu  and  the  N  terminus  of  vpr.  These 
sequences  were  particularly  rich  in  acidic  residues.  Similar¬ 
ity  in  the  hydrophilicity  profiles  of  these  portions  of  the  vpu. 
vpr.  and  vpx  products  was  also  noted.  The  striking  effect  on 
virus  replication  levels  in  monocytes  observed  only  when 
both  genes  were  defective  suggests  that  their  gene  products 
may  perform  similar  roles  and  thus  provide  partial  functional 
complementation.  Alternatively,  since  lower  replication  lev¬ 


els  were  observed  in  the  absence  of  either  gene,  the  nearly 
complete  attenuation  observed  in  the  absence  of  both  may 
result  from  a  compound  effect  of  the  loss  of  two  relatively 
important  but  functionally  unrelated  genes.  More  detailed 
studies  to  determine  the  precise  mechanisms  of  action  ol  the 
vpr  and  vpu  gene  products  will  be  required  to  address  these 
alternatives.  In  either  case,  our  data  indicate  that  together. 
vpr  and  n  second  determinant,  vpu.  are  more  important  lor 
efficient  HIV-1  infection  and  replication  in  primary  mono¬ 
cytes  than  was  observed  previously  in  lymphocytes.  These 
observations  provide  a  rationale  for  designing  potential 
antiviral  therapies  to  block  the  action  of  these  gene  products 
during  HIV-1  infection  of  monocytes. 

Persistent  infection  of  tissue  macrophages  plays  an  impor¬ 
tant  role  in  the  pathogenic  effects  of  other  lentiviruscs. 
including  equine  infectious  anemia  virus,  visna-maedi  virus, 
and  caprine  arthritis-encephalitis  virus,  providing  a  sanctu¬ 
ary  for  continuous  virus  replication  in  the  face  of  a  vigorous 
host  immune  response  (15,  21).  The  onset  of  increased  virus 
replication  has  been  correlated  with  the  onset  of  clinical 
disease  manifestations,  such  as  encephalitis,  pneumonitis, 
arthritis,  and  hemolytic  anemia.  Similarly.  HIV-1  infection 
of  macrophages  generates  a  reservoir  of  virus  which  is 
present  throughout  the  course  of  subclinical  infection  and 
clinical  disease.  The  existence  of  poorly  replicative  HIV-1 
variants  may  be  essential  for  establishment  of  persistent 
macrophage  infection  during  the  early,  asymptomatic  stage 
of  disease.  Several  studies  have  suggested  a  relationship 
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FIG.  4.  Predicted  amino  acid  honiologv  between  vpr.  vpu,  and  vpx.  The  predicted  amino  acid  sequence  of  the  NL4-3-derived  vpr  gene  is 
aligned  with  homologous  regions  of  the  ADA-derived  vpu  gene  and  the  vpx  gene  encoded  by  the  IIIV-2H<)I)  clone,  with  single-letter  amino 
acid  designations.  Identical  residues  are  indicated  within  boxes.  I  lydrophilicitv  profiles  for  the  corresponding  segments  of  each  protein  are 
shown  at  the  bottom. 


between  the  in  vitro  replicative  properties  of  HIV-1  isolates 
in  T  lymphocytes  and  clinical-disease  stage,  with  earlier 
isolates  tending  to  replicate  more  slowly  and  to  lower  levels 
("slow,  low”)  than  isolates  from  later  stages  of  disease 
(“rapid,  high”)  (3,  5,  27).  Nonessential  regulatory  genes  arc 
ideally  suited  to  act  as  “molecular  switches”  for  control  of 
replication  phenotypes  by  their  activation  or  inactivation, 
particularly  in  viruses  such  as  HIV-1,  which  characteristi¬ 
cally  generate  high  levels  of  sequence  diversity.  We  demon¬ 
strate  here  that  discrete  genetic  alterations  in  such  accessory 
genes  result  in  profoundly  different  replication  rates  in 
monocytes  in  vitro,  which  suggests  a  mechanism  for  transi¬ 
tion  from  subciinical  to  clinical  disease  in  vivo.  These 
findings  thus  provide  a  rationale  for  addressing  on  a  wider 
scale  whether  functional  status  of  vpr  and/or  vpu  correlates 
with  disease  stage  or  serves  as  a  potential  prognostic  indi¬ 
cator  of  disease  progression  and  outcome. 
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Human  immunodeficiency  virus  type  1  (HIV-1)  can  establish  a  persistent  and  latent  infection  in  CD4+  T 
lymphocytes  (W.  C.  Greene,  N.  Engl.  J.  Med.  324:308-317,  1991;  S.  M.  Schnitlman,  M.  C.  Psallidopoulos, 
H.  C.  Lane,  L.  Thompson,  M.  Baseler,  F.  Massari,  C.  H.  Fox,  N.  P.  Salzman,  and  A.  S.  Fauci,  Science 
245:305-308,  1989).  Production  of  HIV-1  from  latently  infected  cells  requires  host  cell  activation  by  T-cell 
mitogens  (T.  Folks,  D.  M.  Powell,  M.  M.  Lightfoote,  S.  Benn,  M.  A.  Martin,  and  A.  S.  Fauci,  Science 
231:600-602,  1986;  D.  Zagury,  J.  Bernard,  R.  Leonard,  R.  Cheynier,  M.  Feldman,  P.  S.  Sarin,  and  R.  C. 
Gallo,  Science  231:850-853,  1986).  This  activation  is  mediated  by  the  host  transcription  factor  NF-kB  |C. 
Nabel  and  D.  Baltimore,  Nature  (London)  326:711-717,  1987],  We  report  here  that  the  IHV-l-encoded  Nef 
protein  inhibits  the  induction  of  NF-kB  DNA-binding  activity  by  T-cell  mitogens.  However,  Nef  does  not  affect 
the  DrxA  binding  activity  of  other  transcription  factors  implicated  in  HIV-1  regulation,  including  SP-1,  USF, 
URS,  and  NF-A'i.  Additionally,  Nef  inhibits  the  induction  of  HIV-1-  and  interleukin  2-directed  gene 
expression,  and  the  effect  on  HIV-1  transcription  depends  on  an  intact  NF-itB-binding  site.  These  results 
indicate  that  defective  recruitment  of  NF-kB  may  underlie  NePs  negative  transcriptional  effects  on  the  HIV-1 
and  interleukin  2  promoters.  Further  evidence  suggests  that  Net  inhibits  NF-kB  induction  by  interfering  with 
a  signal  derived  from  the  T-cell  receptor  complex. 


Human  immunodeficiency  virus  type  1  (HIV-1)  can  estab¬ 
lish  a  latent  infection  in  CD4+  T  cells  (14,  29).  Production  of 
HIV-1  from  latently  infected  cells  requires  host  cell  stimu¬ 
lation  by  T-cell  mitogens  (9,  34).  Stimulation  of  T  cells  by 
T-cell-specific  stimuli  (e.g.,  antigen  or  antibody  to  CD2  or 
CD3)  or  nonspecific  mitogens  (e.g.,  phytohemagglutinin 
[PHA]  and  phorbol  12-myristate  13-acetate  [PMA])  results  in 
the  induction  of  the  DNA-binding  activity  of  the  host  tran¬ 
scription  factor  NF-kB  (14).  The  NF-kB  family  of  proteins 
normally  regulates  the  expression  of  genes  involved  in  T-ceil 
activation  and  proliferation,  such  as  interleukin  2  (IL-2)  and 
the  alpha  subunit  of  the  IL-2  receptor  (14).  The  HIV-1 
promoter  possesses  two  adjacent  NF-KB-binding  sites  which 
allow  the  virus  to  subvert  the  normal  activity  of  NF-kB  to 
enhance  its  own  replication  (23). 

Previous  work  suggests  that  the  HIV-l-encodcd  Nef  pro¬ 
tein  is  a  negative  regulator  of  HIV-1  replication  (1,  7,  20,  25, 
31).  Furthermore,  wc  and  others  have  found  that  Nef  may 
suppress  both  HIV-1  and  IL-2  transcription  (1,  21,  25).  To 
investigate  whether  Nef  affects  the  DNA  binding  activity  of 
NF-kB  or  other  transcription  factors  implicated  in  HIV-1 
regulation,  we  used  human  T-cell  lines  stably  transfected 
with  the  nef  gene.  Jurkat  (J25)  human  T-cell  clone  133 
constitutively  expresses  the  NL43  nef  gene.  22F6  cells 
represent  another  antibiotic-resistant  clone  of  J25  cells: 
however,  these  cells  do  not  contain  nef  sequences  and  do  not 
express  Nef  (21).  Additionally,  we  used  oligoclonal  Jurkat 
E6-1  and  HPB-ALL  cells  expressing  the  SF2  nef  gene  cither 
in  the  correct  orientation  (Jurkat/LncfSN  and  HPB-ALL; 
LncfSNSl  cells)  or  in  the  reverse  orientation  (Jurkat 
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LfenSN  and  HPB-ALL/LfenSN  cells)  with  respect  to  the 
Moloney  murine  leukemia  virus  promoter  (10).  These  cells 
represent  a  mixed  population  of  cells  expressing  Nef  to 
various  degrees  and  were  used  to  exclude  the  possibility  that 
clonal  selection  accounts  for  Nef  effects  observed  in  the  J75 
clones. 

To  determine  the  impact  of  T-cell  activation  on  the  expres¬ 
sion  of  Nef,  the  human  T-cell  lines  were  stimulated  with 
PHA  and  PMA.  Cells  were  maintained  in  logarithmic  growth 
in  RPMI  1640  medium  supplemented  with  10%  fetal  bovine 
serum  and  2  mM  glutamine.  J25  and  Jurkat  E6-1  cells  (5  x 
10'’  each)  and  HPB-ALL  cells  (1.5  x  107)  were  either  not 
stimulated  or  stimulated  with  13  |xg  of  PHA-P  (Sigma)  and  75 
ng  of  PMA  (Sigma)  per  ml  for  4  h.  The  cells  were  lysed  in 
RIPA  buffer,  and  lysates  were  immunoprecipitated  with 
rabbit  anli-Ncf  polyclonal  scrum  (6).  The  immunoprecipi- 
tates  were  subjected  to  sodium  dodecyl  sulfate-polyacryl¬ 
amide  gel  electrophoresis  (12%  polyacrylamide),  and  the 
proteins  were  transferred  to  nitrocellulose  for  Western  im- 
munoblo!  analysis.  The  primary  antibody  was  the  rabbii 
anti-Ncf  serum,  and  the  secondary  antibody  was  alkaline 
phosphatase-conjugated  goat  anti-rabbit  immunoglobulin, 
specific  for  the  heavy  chain  (Promega).  The  proteins 
were  visualized  by  color  development  with  nitroblue  tetra- 
zolium  and  5-bromo-4-chloro-3-indoIylphosphatc  toluidin 
ium  (Promega).  Band  intensity  was  determined  by  laser 
densitometry  scanning  of  the  Western  blot  and  was  in  the 
linear  range  of  analysis  as  established  by  a  standard  curve. 
Jurkat  Eft-1  cells  were  obtained  from  the  AIDS  Repository. 
American  Type  Culture  Collection  (Arthur  Weiss)  (32).  and 
were  stably  transduced  wilh  the  SF2  nef  gene  as  previously 
described  (10). 

Immunoblot  analysis  with  anti-Ncf  antibodies  showed  that 
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FIG.  1.  Immunoblot  analysis  of  the  HIV-1  Nef  protein  in  stably 
transfected  and  transduced  human  f-cell  lines.  Cell  lysates  were 
immunoprecipitated  with  rabbit  anti-Nef  polyclonal  serum,  electro- 
phoresed,  transferred  to  nitrocellulose,  and  immunoblotted  with  the 
same  anti-Nef  serum.  The  cells  were  either  unstimulated  (— )  or 
stimulated  (  +  )  with  PHA  and  PMA  before  cell  harvesting.  Pres¬ 
tained  protein  size  markers  are  indicated  on  the  left  in  kilodaltons. 
Nef  protein  in  the  133  cells  (21)  was  expressed  from  the  nef  gene  of 
isolate  pNL432  and  had  an  apparent  molecular  mass  of  27  kDa, 
whereas  the  Nef  proteins  expressed  in  the  Jurkat  E6-1  and  HPB- 
ALL  cells  were  encoded  by  the  nef  gene  of  isolate  SF2  and 
demonstrated  an  apparer"  molecular  mass  of  29  kDa.  Immunoglob¬ 
ulin  G  (IgG)  heavy  chain,  which  was  present  in  the  antiserum  used 
for  the  immunoprecipitation  step,  is  indicated  at  the  right. 


stimulation  caused  a  two-  to  threefold  increase  in  Nef 
expression  in  clone  133  cells  (Fig.  1).  This  increase  was 
probably  due  to  the  inducibility  of  the  chimeric  simian  virus 
40  (SV40)-human  T-cell  leukemia  virus  type  I  promoter  used 
to  direct  Nef  expression.  However,  Nef  expression  was  not 
induced  in  the  Jurkat  E6-1  or  HPB-ALL  cells  (Fig.  1).  The 
level  of  Nef  expressed  in  these  cells  is  comparable  to  the 
amount  of  Nef  generated  bv  HIV-1  in  productively  infected 
CEM  human  T  cells  (data  not  shown).  The  difference  in  the 
apparent  molecular  weight  of  the  Nef  produced  in  clone  *33 
cells  and  those  produced  in  the  Jurkat/LncfSN  and  HPB- 
ALL/LnefSNSl  cells  is  due  to  the  presence  of  an  alanine  at 
amino  acid  position  54  in  the  NL43  Nef  gene  compared  with 
the  presence  of  an  aspartic  acid  at  that  position  in  the  SF2 
Nef  gene  (26).  The  amount  of  lysate  equivalents  loaded  in 
the  HPB-AI.L/LnefSNSl  lanes  was  threefold  larger  than 
that  in  the  Jurkat/LnefSN  lanes.  Nevertheless,  the  amount 
of  Nef  expressed  in  the  HPB  ALL/I .nefSNSl  cells  was 
approximately  fourfold  larger  than  the  amount  produced  in 
the  Jurkat/LncfSN  cells  (Fig.  1).  Nef  did  not  appear  to  be 
toxic,  in  that  the  Ncf-producing  cells  exhibited  the  same 
doubling  time  and  morphology  as  the  control  cells. 

Gel  shift  assays  were  performed  with  nuclear  extracts 
prepared  horn  stimulated  and  unstimulated  cells.  Nuclear 
extracts  were  prepared  trom  5  x  10  cells  with  a  modified 
version  of  the  method  of  Dignam  et  al.  (IS)  as  adapted  by 
Montminy  and  Bilezikjian  (22).  Following  ammonium  sulfate 
precipitation,  nuclear  proteins  were  resuspended  in  100  p.1  of 
a  solution  containing  20  mM  HP.PES  (A-2-hydroxyethylpi- 


pera/inc-/V'-2  cthancsul tonic  acid;  pH  7.9),  20  mM  KC1,  1 
mM  MgClj,  2  mM  dithiothreitol,  and  17%  glycerol  (33)  with 
the  addition  of  10  mM  NaF,  0.1  mM  sodium  vanadate,  and 
50  mM  bcta-glycerol-phosphate.  Cytoplasmic  extracts  con¬ 
sisted  of  the  supernatant  resulting  from  the  lysis  of  cells  in 
hypotonic  lysis  solution,  Dounce  homogenization,  and  low- 
speed  centrifugation  to  pellet  nuclei.  Binding  reaction  mix¬ 
tures  contained  2  p.1  (2  p.g)  of  nuclear  extract  (Fig.  2a  through 
d)  or  6  pi  (7  pg)  of  cytoplasmic  extract  (Fig.  2e),  2  pg  of 
poly(dl-dC)  (Pharmacia),  100-fold  molar  excess  of  unlabeled 
NF-kB  mutant  oligonucleotide  (ACAACTCACl  1  I CCGCT 
GCTCACTTTCCAGGGA),  and  20,000  cpm  of  end-labeled 
oligonucleotide  probe,  in  DNA  binding  buffer  (27),  in  a  final 
volume  of  22  pi.  Reactions  were  performed  at  30°C  for  25 
min,  immediately  loaded  on  a  4.5%  polyacrylamide  gel  with 
0.5x  Tris-borate-EDTA,  and  run  at  200  V.  Oligonucleotides 
used  were  as  follows;  NF-kB,  ACAAGGGACTTTCCGC 
TGGGACTTTCCAGGGA;  SP-1,  CAGGGAGGCGTGGCC 
TGGGCGGGACTGGGGAGTGGCGTCC.  All  DNA  p.obcs 
were  gel  purified  and  end  labeled  with  [-y-32P]ATP.  The 
intensity  of  the  indicated  bands  was  determined  by  laser 
densitometry  and  by  measuring  the  radioactivity  of  excised 
bands  in  a  liquid  scintillation  counter.  There  was  a  linear 
lelationship  between  the  amount  of  extract  used  and  DNA- 
binding  activity  (data  not  shown).  There  was  no  NF-kB 
DNA-binding  activity  with  the  cytoplasmic  extracts  in  the 
absence  of  deoxycholic  acid  (data  not  shown).  Protein 
concentration  was  determined  with  the  Bradford  reagent 
(Bio-Rad)  with  bovine  serum  albumin  as  a  standard.  Nuclear 
extract  preparations  and  binding  reactions  wc,e  repeated  on 
three  separate  occasions  with  similar  results. 

The  induction  of  NF-kB  activity  in  stimulated  133  cells 
was  suppressed  five-  to  sevenfold  compared  with  that  in  the 
22F6  cells.  This  inhibition  was  evident  40  min  poststimula¬ 
tion  and  was  sustained  throughout  the  4-h  stimulation  period 
(Fig.  2a).  J25  clone  22D8  cells  represent  a  distinct  clonal  cell 
line  which,  like  the  133  cells,  also  stably  express  Nef  (21). 
NF-kB  induction  was  suppressed  four-  to  fivefold  in  the 
22D8  cells  compared  with  that  in  the  22F6  cells  (Fig.  2b). 
NF-kB  suppression  was  more  profound  in  the  133  cells  than 
in  the  22D8  ceils,  which  correlates  with  the  observation  that 
Nef  expression  was  higher  in  the  133  cells  (21).  Similarly  to 
the  Nef-exprcssing  J25  clones.  Nef  inhibited  NF-KB  induc¬ 
tion  three-  to  fourfold  in  the  Jurkat  l.nefSN  and  HPB-ALL/ 
LncfSNSl  cells  compared  with  their  non-Nel-expressing 
counterparts  (Fig.  2c  and  d).  Nef-mediuted  NF-kB  suppres¬ 
sion  was  more  profound  in  the  Jurkat/LncfSN  cells  than  in 
the  HPB-ALL/LnefSNSl  cells,  even  though  the  HPB-ALL/ 
LncfSNSl  cells  expressed  severalfold  higher  levels  of  Nef. 
This  result  is  likely  due  to  the  biological  differences  that  exist 
between  the  two  cell  lines.  That  is,  Jurkat  cells  may  be  more 
sensitive  to  the  effects  of  Nef  than  HPB-ALL  cells  because 
of  differential  expression  of  proteir.s  involved  in  signal 
transduction.  That  Ncf-mediatcd  NF-kB  suppression  in  the 
133  and  22D8  ceils  was  greater  than  in  the  Jurkat  LnetSN 
and  HPB-ALL/LnefSNSl  cells  may  be  due  to  the  expression 
of  a  different  nef  allele  in  the  133  and  22D8  cells.  Alterna¬ 
tively,  this  result  could  be  due  to  the  fact  that  every  cell  in 
the  culture  of  133  and  22D8  cells  produced  a  relatively  high 
level  of  Nef.  whereas  the  Jurkat/LnefSN  and  HPB-ALL 
LnctSNSl  cells  rcpicscnt  a  mixed  population  ot  cells  ex 
pressing  love  and  high  levels  of  Nef  or  no  Nel  at  all. 

NF-kB  activity  in  nuclei  from  unstimulated  cells  was 
extremely  low  but  detectable,  and  no  differences  between 
the  Nef-exprcssing  and  control  cells  were  observed  Idata  not 
shown).  Additionally,  when  cytoplasmic  extracts  trom  un- 
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FIG.  2.  Ge!  shift  analysis  of  NF-kB  activity  in  nuclear  extracts  prepared  from  J25  (a  and  b).  Jurkat  F.h-1  (cl,  or  mPB-A1_L.  (dl  cells,  (al 
22F6  and  133  cells  were  stimulated  with  PHA  (13  wg/ml)  and  PMA  (75  nji nil )  lor  II.  40.  ml,  12(1.  or  24(1  nun;  221-6  and  22DS  (hi.  Jurkat  I  6-1 
(c),  or  HPB-AI  .1  (d  I  cells  were  not  stimulated  (Ol  or  were  stimulated  wulh  PI  I A  and  PMA  as  described  above  for  4  h  (4 1.  ON  A  probes  used 
for  binding  are  specified  on  the  top  of  each  panel.  (e|  Cytoplasmic  protein  extracts  (7  pg  each)  from  the  indicated  cells  were  incubated  with 
the  NF-kB  DNA  probe  as  described  in  the  text,  in  the  presence  of  <l.6'7  deoxycholic  acid  (Sigma).  N,  S.  and  P.  NF-«B-specitic  binding, 
SP-l-specific  binding,  and  free  probe,  respectively.  SP-1  binding  served  as  a  control  tor  extract  i|uality  and  specificity  ol  Net  ettects.  Cold 
indicates  that  100-fold  molar  excess  of  unlabeled  DNA  was  added  tor  competition  ns,  nonspecific  binding.  Data  represent  al  least  I h rev 
independent  experiments. 


stimulated  cells  were  treated  with  deoxycholic  acid  (which 
releases  NF-kB  Iron;  its  cytoplasmic  inhibitor.  JkB  (,3|),  they 
exhibited  NF-kB  activity  independent  of  Net  expression 
(Fig.  2c).  Finally,  that  Net  suppressed  the  level  of  NF-kB 
induction  after  onlv  411  min  ol  stimulation  suggests  that  Net 
docs  not  suppress  pi  10  or  pbs  NF-kB  mRNA  expression. 
These  observations  indicate  that  Net  affects  the  recruitment 
and  not  the  cytoplasmic  concentration  of  NF-kB.  The  bind¬ 
ing  of  SIM  was  independent  ol  Net  expression  and  stimula¬ 


tion.  and  the  amount  ot  SIM  probe  used  in  these  gel  slult 
assavs  was  not  limiting  (Fig.  2a  through  d).  In  addition,  no 
differences  m  binding  to  Nl  AT-.  WSF-.  and  l  RS-specitie 
probes  between  the  22F(>  and  135  cells  were  observ'd)  (data 
not  shown  I .  These  data  suggest  that  Net  specifically  inhib¬ 
ited  the  induV'on  ot  NF-kB  activity. 

To  lurther  demonstrate  Net's  suppressive  cftecl  on  NF-kB 
recruitment.  221b  cells  were  transiently  transfected  with 
DNA  plasmids  expressing  Nel  from  the  SV40  cully  pro 
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moeir,  pSVTvN,  or  the  cytomegalovirus  immediate-early 
promoter.  pCMVF/N.  or  with  plasmids  containing  frame- 
shift  mutations  in  the  nef  gene  (pSVF/N  fs  and  pCMVF/N  fs, 
respectively).  Nuclear  extract  preparation  and  DNA-binding 
reactions  were  as  described  above.  22F6  cells  (2  x  107)  (Fig. 
2a)  were  transfected  with  30  pg  of  the  indicated  plasmid 
DNA  by  using  DEAE-dextran.  Briefly,  cells  (10  )  were 
incubated  with  plasmid  DNA  suspended  in  a  solution  con¬ 
taining  10  ml  of  serum-free  RPMI  1640.  0.25  M  Tris  (pH  7.3). 
and  125  pg  of  DEAE-dextran  (Sigma)  per  ml  at  37  ( '  for  40 
min.  Following  centrifugation  at  2,000  v  p  for  7  min,  the 
cells  were  maintained  in  growth  medium  for  60  h  prior  to 
stimulation  and  cell  harvesting.  Plasmid  pSVF  N  is  similar  to 
plasmid  pSVF  (25),  except  that  HIV-1  nucleotides  KW4  to 
0213  (including  the  NF-kB  recognition  sites)  and  3'  flanking 
cellular  sequences  weie  deleted.  Plasmid  pSVF  N  was  di¬ 
gested  at  the  unique  /fq/II  sile  at  codon  NX  ol  the  nrf gene, 
the  sticky  ends  were  filled  in  with  the  klcnow  fragment  of 
DNA  polymerase  I.  and  the  plasmid  was  reheated  with  T4 
DNA  ligase.  I  his  plasmid  was  called  pSVF  N  fs  to  indicate 
the  introduction  of  a  frame-shift  in  the  nrf  gene.  The  Hum  HI 


FIG.  3.  Gel  shift  analysis  of  nuclear  extracts  prepared  from  221-6 
cells  (a)  transiently  transfected  with  the  indicated  DNA  pl  asmids 
that  were  not  stimulated  (0)  or  were  stimulated  for  4  h  (4)  wuh 
PHA-P  and  PMA  and  22F6  and  133  cells  (b)  stimulated  for  4  h  with 
PHA-P  (H),  PMA  (M),  or  ionomycin  (I)  (2  pM)  or  combinations  ot 
any  two  mitogens.  N,  U,  S,  and  P,  NF-KB-specific  binding.  I’SF 
specific  binding,  SP-l-specific  binding,  and  free  probe,  respectively, 
(c)  Nuclear  extract  22F6  H  +  M  from  panel  D  W3S  preincubated  w  ith 
the  specified  amiserum  for  15  min  before  the  NF-kB  DNA  probe 
was  added.  NF-kB  p65-p50  heterodimer-  and  p50-p50  homodimer- 
DNA  complexes  and  supershifted  heterodimer-  and  homodimer- 
DNA-antibody  complexes  are  indicated  at  the  right.  Data  represent 
at  least  three  independent  experiments. 


fragment  from  pSVF/N  and  pSVF/N  fs,  which  includes  the 
entire  length  of  the  HIV-1  sequences  present  in  these  clones, 
was  inserted  into  the  vector  pCB6  (24)  in  the  correct 
orientation  with  respect  to  the  cytomegal  rvirus  immediate- 
early  promoter  to  generate  clones  pCMVF/N  and  pCMVF/N 
fs,  respectively.  Cells  transfected  with  plasmids  pSVF/N 
and  pCMVF/N  express  Nef  protein,  but  cells  transfected 
with  pSVF/N  fs  and  pCMVF/N  fs  do  not,  as  determined  by 
Western  blot  and  immunoprecipitation  analysis  (data  not 
shown).  Transfection  efficiency  was  determined  by  cotrans- 
fection  with  2  pg  of  pSV2-CAT.  Chloramphenicol  acetvl- 
transferasc  (CAT)  activity  (reported  as  the  percent  conver¬ 
sion  to  acetylated  products)  was  determined  as  described 
below,  and  the  values  for  the  pSVF/N  fs-0-,  pSVF  N  fs-4-. 
pSVF7N-4-,  pCMVF/N  fs-4-,  and  pCMVF/N-4-transfected 
cells  were  51,  60.  61,  58.  and  6191,  respectively.  A  USF- 
spccific  DNA  probe  (corresponding  to  nucleotides  -156  m 
-173  of  the  HIV-1  long  terminal  repeat,  GCCGCTAG 
CATTTC  ATCACGTGGCCCGAGAGCTGC)  was  used  as  a 
control  for  the  specificity  of  Nef  effects  and  extract  integrity. 

NF-kB  induction  was  consistently  inhibited  at  least  two¬ 
fold  in  cells  transfected  with  cither  pSVF/N  or  pCMVF  N 
compared  with  cells  transfected  with  their  nrf  mutant  coun¬ 
terparts  (Fig.  3a).  Transfection  efficiencies  in  these  experi¬ 
ments  were  determined  by  cotransfecting  veils  with  tile 
pSV2-CAT  plasmid  and  measuring  CAT  activity.  No  signif¬ 
icant  differences  in  transfection  efficiency  between  the  nrf- 
expressing  and  the  nrf  mutant  plasmids  were  observed  (Fig. 
3a i.  The  suppressive  effect  ot  Nef  in  these  itanxienlh 
transfected  cells  was  not  as  dramatic  as  the  cllects  observed 
in  the  slablv  transfected  and  transduced  cells.  I  he  more 
subtle  effect  of  Nef  in  this  experiment  may  be  due  to  the 
expression  of  a  nrf 'allele  which  was  derived  from  an  H!\  1 
isolate  distinct  from  either  the  NT-43  or  the  SF2  isolates 
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(25).  In  addition,  cells  which  did  not  receive  the  nef  expres¬ 
sion  plasmid  during  the  transient-transfection  process  were 
not  eliminated  (by  antibiotic  selection)  from  the  total  cell 
population. 

To  explore  the  relative  contributions  of  individual  mito¬ 
gens  to  the  recruitment  of  Nef-inhibitable  complexes,  cells 
were  stimulated  with  PHA,  PMA,  or  ionomycin  alone  or  in 
combination.  The  maximal  induction  of  NF-kB  activity 
occurred  when  PHA  was  combined  with  PMA  (Fig.  3b).  This 
result,  coupled  with  the  observation  that  PHA  mimics  the 
effects  of  the  natural  ligand  for  the  T-cell  receptor  (TCR) 
complex  (32),  suggests  that  Nef  may  inhibit  signal  transduc¬ 
tion  emanating  from  the  TCR  complex.  The  addition  of  the 
Ca2+  ionophore,  ionomycin,  when  coupled  with  PMA  treat¬ 
ment,  partially  substituted  for  the  absence  of  PHA  with 
respect  to  NF-kB  induction  (Fig.  3b).  However,  ionomycin 
treatment  did  not  signifies,  rtly  reduce  Nefs  inhibitory  ef¬ 
fects,  suggesting  that  events  other  than  Ca2+  mobilization 
may  be  disrupted  by  Nef. 

Using  antibodies  against  the  p50  and  p65  NF-kB  subunits, 
we  found  that  Nef-inhibitable  complexes  included  both 
p50-p50  homodimers  and  p50-p65  heterodimers  (Fig.  3c). 
Anti-p50,  anti-p65,  anti -v-rel,  and  prcbleed  sera  (Fig.  3c) 
were  kindly  provided  by  Mark  Hannink  (University  of 
Missouri,  Columbia,  Mo.).  Because  the  gels  in  Fig.  3a  and  b 
and  Fig.  2  were  run  for  a  shorter  length  of  time,  the  two 
bands  indicated  in  Fig.  3c  appear  as  one  band  in  Fig.  3a  and 
b  and  Fig.  2. 

To  determine  whether  Nef-mediated  inhibition  of  NF-kB- 
binding  activity  correlated  with  a  decrease  in  transcriptional 
activity,  cells  were  transfected  with  DNA  plasmids  which 
use  the  HIV-1  long  terminal  repeat  to  direct  expression  of  a 
heterologous  gene  product,  CAT.  Jurkat  cells  were  trans¬ 
fected,  as  described  above,  with  15  p.g  of  the  CAT  constructs 
indicated  in  Fig.  4.  Following  transfection,  the  cells  were 
maintained  in  growth  medium  for  24  h.  Cells  were  or  were 
not  treated  with  PHA-P  (13  pg/ml)  and  PMA  (75  ng/fnl)  and 
incubated  for  an  additional  18  h.  Cell  extracts  were  pre¬ 
pared,  and  CAT  activity  was  assessed  by  standard  methods 
(13).  Extract  equivalent  to  3  x  106  cells  was  used  for  each 
18-h  reaction.  CAT  activity  was  in  the  linear  range  of 
analysis  with  respect  to  extract  amount  and  incubation  time 
(data  not  shown).  CAT  assays  were  normalized  to  a  nonin¬ 
ducible  control  plasmid,  RSV-CAT  (12)  (2  p.g),  which  was 
transfected  in  parallel  with  the  HIV-l-CAT  plasmids  as 
described  above.  Assays  were  also  normalized  to  protein 
concentrations  as  determined  by  Bradford  reagent  analysis 
(Bio-Rad).  The  amount  of  CAT  activity  was  quantitated  by 
excising  the  spots  corresponding  to  the  unacetylatcd  and 
acetylated  forms  of  [1'1C)chloramphcnicol  and  measuring 
radioactivity  in  a  liquid  scintillation  counter.  CAT  activity  is 
expressed  as  the  percentage  of  radioactivity  in  the  acetylated 
forms  compared  with  the  sum  of  that  of  the  acetylated  and 
unacetylated  forms.  The  wild-type  HIV-l-CAT  (CD12-CAT 
was  derived  by  a  small  deletion  in  the  nef  coding  sequence 
upstream  of  the  long  terminal  repeat  start  site  of  done 
C15-CAT  (2 1 ).  and  mutant  NF-kB  HIV-l-CAT  (23)  and 
IL-2-CAT  (30)  plasmids  were  generously  provided  by  Steven 
Josephs,  Gary  Nabel,  and  Gerald  Crabtree,  respectively. 
fiNRE-HIV-I-CAT  was  generated  by  excising  the  /lea I  d  vy; I 
fragment  from  C15-CAT  (2)  and  therefore  lacks  the  negative 
regulatory  element  sequences  present  in  C15-CAT. 

CAT  activity  correlated  well  with  DNA-binding  activity  in 
that  133  cells  exhibited  a  capacity  to  induce  C  AT  activity 
that  was  fivefold  less  than  that  of  22F6  cells  (Fig.  4a). 
Similarly,  CAT  activity  induction  was  suppressed  twofold  in 
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FIG.  4.  GAT  assays  of  extracts  from  cells  transiently  transfected 
with  IIIV-l-CAT  and  IL-2-CAT  DNA  plasmids.  J25  |al  and  Jurkat 
F6-1  (b)  cells  were  transfected  with  the  GAT  constructs  as  indicated 
above  each  panel.  Cells  were  not  induced  I  -  I  or  were  induced  ( +  ) 
with  PI  IA  and  PMA.  GAT  activity  was  determined  try  conversion  ol 
unacetylated  ( 1  ‘C|chloraniphcnicol  (CM)  to  rnonoacetylated  forms 
(AG).  These  data  represent  at  least  three  independent  experiments. 


the  Jurkat, 'I.nefSN  cells  compared  with  th.it  in  the  Jurkat 
I.lenSN  cells  (Fig.  4b).  This  inhibition  was  demonstrated 
with  both  wild-type  HIV-l-CAT  and  the  negative  regulatory 
element  deletion  clone,  bNRF-l II V-l-CAF,  whtc  .  '../As 
nucleotides  -453  to  156  of  the  HIV-1  lor”  terminal  repeat 
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(Fig.  4a  and  b).  This  result  suggests  that  negative  regulatory 
element  sequences  are  not  primary  targets  of  Nef  regulation 
in  stimulated  T  cells.  An  HIV-l-CAT  plasmid  containing 
mutated  NF-kB  sequences  (23)  was  induced,  at  most,  only 
twofold  above  basal  levels,  and  induction  was  independent 
of  cell  type  and  Nef  expression  (Fig.  4a  and  b). 

The  importance  of  NF-kB  with  respect  to  the  induction  of 
IL-2  by  T-cell  mitogens  was  demonstrated  by  Hoyos  ct  at. 
(17).  These  authors  showed  that  the  induction  of  CAT 
activity  was  prevented  up  to  80%  with  IL-2-CAT  constructs 
bearing  mutations  in  the  NF-kB  site  compared  with  that  of 
IL-2-CAT  constructs  containing  wild-type  NF-kB  recogni¬ 
tion  sequences  (17).  As  previously  reported  (21).  we  found 
that  Nef  profoundly  suppressed  the  induction  of  CAT  activ¬ 
ity  directed  by  the  IL-2-CAT  plasmid  in  the  133  cells  (Fig. 
4a).  Whereas  there  was  a  50-  to  60-fold  induction  of  CAT 
activity  in  the  22F6  cells,  there  was  only  a  2-  to  3-fold 
induction  in  the  133  cells  (Fig.  4a).  Although  NF-kB  appears 
to  play  an  important  role  in  11,-2  induction,  it  is  possible  that 
Nef  blocks  other  factors  in  addition  to  NF-kB  w  hich  may  be 
required  for  the  efficient  induction  of  IL-2  gene  expression. 
This  possibility  may  explain  the  dramatic  suppressive  effect 
of  Nef  on  IL-2  induction  compared  with  the  results  of  Hoyos 
et  al.  (17).  CAT  actr  .  ,ty  generated  by  the  1L-2-CAT  con¬ 
struct  was  induced  to  a  much  lower  extent  in  the  Jurkat  E6-1 
cells.  This  result  is  likely  due  to  differences  that  exist 
between  Jurkat  E6-1  and  J25  ce' s.  Despite  the  low  level  of 
induction  of  the  IL-2  promoter  in  the  jurkat  E6-1  cells,  CAT 
activity  was  higher  in  the  Jurkat/LfcnSN  cells  than  in  the 
Jurkat/LnefSN  cells  (Fig.  4b).  Nef  did  not  affect  CAT 
activity  driven  by  the  SV40  early  promoter  or  the  promoters 
from  Rous  sarcoma  virus,  cytomegalovirus,  or  Mason-Pfizer 
monkey  virus,  indicating  that  Nef  specifically  suppressed  the 
HIV-1  and  IL-2  promoters  (data  not  shown).  The  Jurkat 
E6-1  cells  were  transfected  with  equivalent  efficiency;  how¬ 
ever,  the  Ncf-exprcssing  133  cells  were  more  easily  trans¬ 
fected  than  were  the  control  cells  (22F6  cells).  Therefore, 
CAT  activity  generated  by  an  RSV-CAT  plasmid  that  was 
transfected  in  parallel  was  used  to  assess  the  transfection 
efficiency  and  to  normalize  the  CAT  activitv  derived  from 
the  HIV-l-CAT  and  IL-2-CAT  constructs. 

The  observation  that  Nef  prevents  IL-2  induction  (Fig.  4a) 
(21),  coupled  with  the  demonstrations  that  IL-2  induction 
requires  CD4  and  p56,r*  (11)  and  NF-kB  recruitment  (17), 
provides  additional  evidence  to  suggest  that  ,  Cf  uncouples 
signals  originating  from  the  TCR  complex.  Furthermore,  the 
TCR  complex  induces  NF-kB  activity  after  treatment  with 
antibodies  to  either  CD2  or  CD3  (5).  Nef  inhibits  the 
induction  of  IL-2  by  both  of  these  stimuli  (21). 

Interestingly.  Nef  has  been  r  ported  to  down-modulate 
the  surface  expression  of  CD4  (10,  15).  Although  Nef  did  not 
affect  the  rate  of  CD4  transcription  or  translation  (10),  the 
mechanism  by  which  Nef  mediates  the  down-modulation  of 
0)4  at  the  cell  surface  remains  unclear.  The  connection 
between  Nef-mediated  negative  effects  on  0)4  cell  surface 
expression  and  HIV-1  and  II  2  regulation  has  not  yet  been 
established. 

Previously,  we  and  others  reported  that  HIV-1  Net  medi¬ 
ated  HIV-1  transcriptional  suppression  (1.  25).  Some  inves¬ 
tigators  were  unable  to  confirm  this  efte  t  (16.  19);  however, 
dillerences  in  experimental  approaches  may  explain  the 
apparent  discrepancy.  For  the  first  time,  the  data  presented 
here  suggest  that  the  primary  underlying  event  in  Ncl- 
mediated  transcriptional  repression  in  activ  ated  7  cells  is  the 
inhibition  of  induction  of  NF-kB  activity.  In  v>v\  'h.s 
suppression  may  limit  the  production  mil  cell  suilace 


expression  of  viral  gene  products  in  infected  cells,  thereby 
allowing  the  cells  to  evade  clearance  bv  the  cellular  and 
humoral  arms  of  the  immune  response.  This  model  for 
Nef-mediated  viral  persistence  in  vivo  may  be  consistent 
with  the  results  of  Kestlcr  et  al.,  which  demonstrated  that 
the  presence  of  an  intact  nef  gene  was  required  to  prolong 
simian  immunodeficiency  virus  infection  and  induce  patho¬ 
genesis  in  infected  macaques  (18).  Furthermore,  wx*  and 
others  demonstrated  that  simian  immunodeficiency  virus 
Nef  inhibited  simian  immunodeficiency  virus  replication  in 
vitro  in  a  way  that  was  analogous  to  the  wav  in  which  HIV-1 
Nef  inhibited  HIV-1  (4,  24).  It  is  possible  that  high-level  N^f 
expression  early  after  infection  (28)  is  sufficient  to  maintain 
HIV-1  in  a  relatively  latent  state,  which  may  be  critical  for 
establishing  a  reservoir  of  HIV-l-infected  cells  and  the 
eventual  development  of  AIDS. 
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The  human  immunodeficiency  virus  type  1  long  terminal  repeat,  HIV-1  -LTR,  contains  binding  sites  for  several  cellular 
transcription  factors  which  contribute  to  HIV-1  gene  expression.  Our  previous  studies  on  the  function  of  the  HIV-1  -en¬ 
coded  Nef  protein  suggested  that  Nef  may  be  an  inhibitor  HIV-1  transcription.  To  determine  whether  Nef  affects  the 
binding  of  cellular  factors  implicated  in  HIV-1  regulation,  “P-labeled  oligonucleotides  corresponding  to  the  binding 
sites  were  incubated  with  nuclear  extracts  prepared  from  Nef-expressing  T-ceil  lines  that  were  not  stimulated  or  were 
stimulated  with  T-cell  mitogens.  We  found  that  Nef  inhibited  the  recruitment  of  AP-1  DNA-binding  activity  in  mitogen- 
stimulated  human  T-cells.  Additionally,  Nef  expressing  cells  were  transiently  transfected  with  a  plarmid  in  which  HIV-1 
AP-1  DNA  recognition  sequences  were  cloned  downstream  of  the  chloramphenicol  acetyltransferase  (CAT)  gene. 
Mitogen-mediated  transcriptional  activation  of  the  CAT  gene  in  this  construct  was  inhibited  in  Nef-expressing  cells  but 
not  in  control  cells.  These  studies  suggest  that,  by  inhibiting  AP-1  activation,  Nef  may  play  a  role  in  regulating  HIV-1 
gene  expression  in  infected  T-cells.  c  1993  Academic  Press,  i»c. 


The  human  immunodeficiency  virus  type  1  long  ter¬ 
minal  repeat,  HIV-1 -LTR,  contains  two  adjacent  AP-1 
binding  sites  and  three  intragenic  AP-1  sites  are  lo¬ 
cated  within  the  pot  gene  ( 1,  2).  The  AP-1  DNA-binding 
complex  is  composed  of  homo-  and  heterodimers  of 
the  c -fos  and  c -jun  family  of  transcription  factors  (3) 
which  dimerize  by  interdigitation  of  hydrophobic  a-he- 
lices,  called  ’eucine-zippers  (4).  The  consensus  DNA 
recognition  site  for  AP-1  is  TGACTCA  (5-7)  and  this 
sequence  has  also  been  shown  to  confer  phorbol  ester 
inducibility  (8).  c-fos  and  c-jurt  mRNAs  are  induced  in 
T-cells  by  the  lectin  phytohemagglutinin  (9)  (PHA),  the 
calcium  ionophore  A23 1 87  ( 10),  and  the  phorbol  ester, 
phorbol- 1 2-myristate-  13-acetate  (PMA)  (8).  AP-1  can 
serve  as  both  a  positive  and  a  negative  regulator  with 
respect  to  the  expression  of  a  variety  of  genes  under 
different  conditions  (1 1-15). 

It  has  been  reported  that  the  product  of  the  nef  gene 
of  HIV-1  and  SIV  could  function  as  a  negative  regulator 
of  virus  replication  ( 16-22).  Furthermore,  we  found  that 
Nef  could  function  as  a  viral  transcriptional  inhibitor 
(16,  1 7).  This  result  was  confirmed  by  other  investiga¬ 
tors  ( 18,  19)  although,  not  by  all  investigators  (23,  24). 
Recently,  Luria  et  a/,  showed  that  Nef,  stably  ex¬ 
pressed  in  Jurkat  human  T-cell  clones,  prevented  the 
transcriptional  activation  of  the  interleukin-2  (IL-2)  gene 
(25).  IL-2  is  a  critical  T-cell  proliferation  factor  and 
serves  as  a  marker  for  T-cell  activation.  Interestingly, 

'  To  whom  reprint  requests  should  be  addressed  at  Washington 
University  School  of  Medicine.  660  S.  Euclid  Ave.,  Box  8125,  St. 
Louis.  MO  63110 


the  HIV- 1 -LTR  and  the  IL-2  promoter  contain  binding 
sites  for  the  T-cell  activation-associated  transcription 
factors,  AP-1  and  NF-kB. 

In  order  to  elucidate  the  mechanism  underlying 
Net’s  negative  effects  on  HIV-1  and  IL-2  transcription 
in  T-cells,  we  examined  the  binding  of  cellular  tran¬ 
scription  factors  with  recognition  sites  in  the  HIV-1 - 
LTR  in  the  presence  and  absence  of  Nef.  In  these  stud¬ 
ies,  we  used  the  Jurkat  (J25)  human  T-cell  clone  133, 
which  stably  expresses  the  Nef  protein  derived  from 
the  HIV-1  isolate  NL-43  (25).  As  a  control,  we  used  a 
G418-resistant,  Jurkat  25  clone,  22F6,  which  does  not 
contain  any  HIV-1  sequences  and  does  not  express 
Nef  (25).  Additionally,  we  used  oligoclonal  HPB-ALL 
human  T-cells  stably  transduced  with  a  recombinant 
retrovirus  expressing  the  nef  gene,  derived  from  the 
HIV-1  isolate  SF-2,  either  in  the  correct  orientation, 
HPB-ALL/LnefSNSl  cells,  or  the  reverse  orientation, 
HPB-ALULfenSN  cells,  with  respect  to  the  Moloney 
murine  leukemia  virus  promoter  (26).  Nef  was  ex¬ 
pressed  to  a  high  degree  in  the  Jurkat  1 33  cells  and  the 
HPB-ALL/LnefSNSl  cells,  but  was  not  produced  in  the 
Jurkat  22F6  cells  or  the  HPB-ALL/LfenSN  cells  as  de¬ 
termined  by  Western  blot  and  immunoprecipitation 
analysis  (Ref.  33  and  data  not  shown).  The  HPB-ALL 
cells,  in  contrast  to  the  Jurkat  cells,  represent  a  mixed 
population  of  cells  expressing  Nef  and  thus  do  not  suf¬ 
fer  from  the  potential  limitation  that  Nef-mediated  ef¬ 
fects  observed  in  the  Jurkat  cells  are  a  result  of  cloning. 
However,  the  advantage  of  the  clonal  Jurkat  1 33  cells 
is  that  Nef  is  expressed  in  every  cell,  possibly  magnify¬ 
ing  the  effects  exerted  by  Nef.  It  is  noteworthy  that  the 
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Fig.  1 .  Gel  shift  analysis  of  AP-1  DIMA  binding  activity  in  extracts  prepared  from  Jurkat  25  cells.  Cells  were  stimulated  with  PHA-P  (13  *ig/ml, 
[SIGMA))  and  PMA  (75  ng/ml.  Sigma)  for  0.  40.  80,  120,  or  240  mm.  Oligonucleotide  probes  used  for  binding  are  specified  on  the  top  of  each 
panel  A  indicates  the  inducible  AP-1/DNA complexes.  Sand  Prepresent  SP-1  -specific  binding  and  free  probe,  respectively.  SP-1  binding  served 
as  a  control  for  extract  quality  and  specificity  of  Nef-mediated  effects.  Cold  indicates  that  1 00-fold  molar  excess  of  unlabeled  DNA  was  added  for 
competition.  Methods:  Cells  were  maintained  in  logarithmic  growth  in  RPMI  1640  medium  supplemented  with  109b  fetal  calf  serum  and  2  mM 
glutamine.  Nuclear  extracts  were  prepared  from  5  x  107  cells  using  a  modified  version  of  the  method  of  Dignam  er  at.  (36)  as  adapted  by 
Montmmy  and  Bilezikjian  (32).  Following  ammonium  sulfate  precipitation,  nuclear  proteins  were  resuspended  in  100  m I  of  20  m M  HEPES  (pH 
7.9),  20  mM  KCI,  1  mM  MgCI2,  2  mM  OTT.  and  I7<fc  glycerol  (38)  with  the  addition  of  lOmMNaF,  0.1  mM  sodium  vanadate,  and  50  mM 
(f-glycerol-phosphate.  Binding  reactions  contained  2  »\  (2  m9)  of  nuclear  extract,  2  poly(dl-dC)  (Pharmacia).  1 00-fold  molar  excess  of  unlabeled 
intragenic  AP-1  mutant  oligonucleotide  (GATCTCAAAGCGGATATCAGCTGGTTAATCAAATAAT),  and  20  40,000  cpm  of  end-labeled  oligonu¬ 
cleotide  probe,  in  DNA  binding  buffer  (39).  in  a  final  volume  of  22  *8.  Reactions  were  performed  at  30°  for  30  min,  immediately  loaded  onto  a  4  5% 
polyacrylamide  gel  using  0.5X  TBE,  and  run  at  200  V  Oligonucleotides  used  were  as  follows:  AP-1 ,  CAGGGCCAGGAGTCAGATATCCACTGA- 
CCTTTGGATGGTGCT;  SP-1 ,  CAGGGAGGCGT GGCCT GGGCGGGACT GGGGAGT GGCGTCC .  All  DNA  probes  were  gel  purified  and  end-labeled 
with  [-y-32P]ATP.  The  intensity  of  indicated  bands  was  determined  by  laser  densitometry  scanning.  There  was  a  linear  relationship  between  the 
amount  of  extract  used  and  the  DNA  binding  activity.  Nuclear  extract  preparations  ana  binding  reactions  were  repeated  on  three  separate 
occasions  with  similar  results. 


doubling  times  for  the  Nef  expressing  and  the  control 
cells  were  indistinguishable  and  no  gross  morphologic 
differences  between  the  cells  were  noted  either  prior  to 
or  post-stimulation. 

Gel  shift  analyses  were  performed  with  nuclear  ex¬ 
tracts  prepared  from  cells  that  were  not  stimulated,  or 
were  stimulated,  with  the  T-cell  mitogen,  phytohe- 
magglutinin  (PHA-P)  and  the  protein  kinase  C  (PKC) 
activator,  PMA.  Nuclear  extracts  were  incubated  with 
a  3JP-labeled  oligonucleotide  corresponding  to  the 
HIV  1  AP-1  DNA  recognition  sites  (/).  In  the  parental 
?2F6  Jurkat  cells,  an  induced  AP-1/DNA  complex, 
which  was  not  present  in  unstimulated  cells,  was  de- 
:,’cted  between  1  and  2  hr  post-stimulation  and  was 
■abundant  4  hr  post-stimulation  (Fig.  1).  In  contrast,  the 
"-1  Mitmcnt  of  the  same  AP-1 /DNA  complex  was  inhib- 
"eu  fivefold  at  2  hr  and  ninefold  at  4  hr  in  the  Nef  ex- 
Hmcc.ny  1 33  cells  compared  to  the  22F6  cells  (Fig,  1). 
,  Edition  of  1 00  fold  molar  excess  of  unlabeled  AP- 

“Pcutic  oligonucleotide  inhibited  the  appearance  of 


the  major  inducible  complex  (Fig.  1 ).  However,  an  oligo¬ 
nucleotide  with  three  nucleotide  substitutions  in  the 
AP- 1  recognition  site  did  not  compete  away  the  induc¬ 
ible  complex,  and  we  included  a  1 00-fold  excess  of  the 
unlabeled  mutant  AP-1  oligonucleotide  in  all  binding 
reactions  as  a  non-specific  inhibitor. 

The  presence  of  the  constitutive  AP- 1  /DNA  complex 
(the  slowest  migrating  complex  in  Fig.  1)  was  mini¬ 
mally,  if  at  all,  affected  by  Nef  and  may  be  due  to  the 
constant  presence  of  serum  in  the  cell  growth  media 
(27).  Moreover,  this  complex  was  not  inducible  (Fig. 
3b).  In  addition,  the  constitutively  active  transcription 
factor  SP-i  was  not  affected  by  the  presence  or  ab 
sence  of  Nef  and  was  used  as  a  control  for  extract 
quality  (Fig.  1).  Therefore.  Nef  inhibited  the  inducible 
AP-1/DNA  complexes  specifically. 

Gel  shift  analysis  with  extracts  prepared  from  stimu 
lated  and  unstimulated  HPB  ALL  cells  affoided  results 
similar  to  those  obtained  with  the  Jurkat  cells  (Fig.  2). 
However,  in  contrast  to  the  Jurkat  cells,  the  mitogen  in 
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Fig.  2.  Gel  shift  analysis  of  nuclear  extracts  prepared  from  HPB-ALL  cells  that  were  not  stimulated  (-)  or  were  stimulated  with  (+)  with  PHA  (1 3 
*/g/ml)  and  PMA  (75  ng/ml)  for  4  hr.  The  labeled  oligonucleotide  probe  used  is  indicated  above  each  panel.  The  A's  indicate  inducible  AP  i/DNA 
complexes  and  P  represents  free  probe.  Methods:  Nuclear  extract  preparations  and  DNA-binding  reactions  were  performed  as  described  in  Fig. 
1 .  For  the  USF  probe,  we  used  an  oligonucleotide  corresponding  to  nucleotides  -159  to  !  73  of  the  HIV-1  LTR  (40),  GCCGCTAGCAIT  ICATCA- 
CGTGGCCCGAGAGCTGC.  Experiments  were  repeated  three  times  with  similar  results. 


ducible  AP-1/DNA  complexes  were  present  in  the  un¬ 
stimulated  cells  as  well  as  in  the  stimulated  cells. 
Whereas  the  stimulatable  AP-1/DNA  complexes  in  the 
HPB-ALULfenSN  cells  were  induced  approximately 
fivefold  after  4  hr  of  PHA  and  PMA  treatment,  there 
was  no  significant  induction  of  these  complexes  in  the 
HPB-ALL/LnefSNSl  cells  (Fig,  2).  In  this  experiment, 
the  amount  of  AP-1  activity  in  unstimulated  HP8-ALL7 
LfenSN  cells  was  lower  than  the  HPB-ALLVLnefSNS  1 
cells;  however,  this  was  not  a  consistent  finding  (un¬ 
published  results).  In  this  experiment,  we  included  an¬ 
other  Nef  non  responsive  transcription  factor,  USF,  to 
demonstrate  the  specificity  of  Nef  action  and  the  integ¬ 
rity  of  the  extract.  The  apparent  difference  in  migration 
of  the  major  inducible  AP-1/DNA  complexes  between 
the  HPB-ALL  and  the  Jurkat  cells  probably  reflects  dif¬ 
ferences  that  exist  between  the  different  T-cell  lines. 

Previous  studies  indicated  that  c -fos  expression  is 
induced  by  PHA  (9),  the  calcium  ionophore  A23187 
(10),  and  PMA  (8).  In  order  to  determine  the  signaling 
pathway  required  to  recruit  AP-1  DNA-binding  activity, 
we  assessed  the  role  of  PHA.  PMA,  and  the  calcium 
ionophore,  lonomycin,  alone  or  in  combination  (Fig. 
3a).  Interestingly,  the  recruitment  of  AP-1  activity  was 


maximal  with  PHA  treatment  alone  and  the  addition  of 
PMA  did  not  significantly  increase  AP-1/DNA  complex 
formation.  The  level  of  inducible  AP-1  activity  was  18- 
fold  higher  in  the  22F6  cells  compared  to  the  Nef  ex¬ 
pressing  1 33  cells  with  PHA  alone  (Fig.  3a).  PMA  alone 
only  slightly  induced  AP-1  activity  in  the  22F6  cells; 
however,  no  detectable  AP-1  activity  was  observed  in 
the  1 33  cells  treated  with  PMA  alone  (Fig.  3a).  lonomy¬ 
cin  alone  was  not  sufficient  to  elicit  AP- 1  recruitment  in 
either  cell  line  (Fig.  3a). 

T-cell  activation  is  mediated  by  increased  Ca‘?+  influx 
and  PKC  activation  which  both  occur  as  a  conse 
quence  of  phospholipase-C  activation  by  the  T-cell  re¬ 
ceptor  (TCR)  complex  (28).  Treatment  of  the  Jurkat 
cells  with  a  combination  of  lonomycin  and  PMA,  which 
both  bypass  the  TCR  complex,  led  to  significant  re¬ 
cruitment  of  AP- 1  activity,  albeit  2.5-fold  less  efficiently 
than  PHA  alone.  Whereas  there  was  an  18-fold  higher 
level  of  induced  AP- 1  DNA  binding  activity  in  the  22F6 
cells  compared  to  the  1 33  cells  using  PHA  alone,  there 
was  only  a  3  fold  difference  using  the  combination  of 
lonomycin  and  PMA.  Since  PHA  mimics  the  normal 
activation  signal  (i.e.,  antigen  binding  to  the  TCR)  of 
T  cells  (29).  it  appeared  that  Nef  exerted  its  effects  pri- 
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Fig.  3.  (a)  Gel  shift  analysis  of  nuclear  extracts  prepared  from  Jurkat  25  22F6  and  1 33  cells  stimulated  tor  4  hr  with  either  PHA-P  (Hi,  PMA  (M), 
or  lonomycin,  2  (Sigma).  (I),  or  combinations  of  any  two  mitogens  A.  S.  and  P  indicate  AP  1  specific  binding,  SP  1  specific  binding,  and  free 
probe,  respectively  (b)  Jurkat  22 F6  cells  were  ( r )  or  were  not  treated  t  >  with  cycloheximide  (20  ^p.'ml,  S iqma)  tor  30  min  prior  to  stimulation  for  4 
hr  with  PHA  P  and  PMA  The  labeled  oligonucleotide  used  is  indicated  on  the  side  of  each  panel  A,  A..  USF.  and  n  s  indicate  constitutive 
AP  1/DNA  complex,  inducible  AP  1/DNA  complex,  USF-specitic  complex,  and  not  specific,  respective^  T  tie  "cold  DNA"  indicates  that  100 
foi  l  molar  excess  of  unlabeled  oligonucleotide  (the  same  oligonucleotide  used  as  the  probe)  was  used  as  a  non-specific  competitor  id  Nuclear 
extracts  from  133  cells  (lanes  1 . 7.  8)  or  22F 6  cells  (lanes  2  6.  8)  were  preincubated  with  4  pi  of  the  specified  antisera  for  30  mm  betce  the  AP  l 
DNA  probe  was  added  The  total  volume  o:  ;oa  binding  reaction  was  50  |il.  and  this  entire  volume  w.o  applied  to  the  gel  Methods  Nuclear 
extract  preparations  and  DNA  binding  reactions  were  described  in  Fig  l  Anti  c  I  os  and  anti  c  Jun  ant.t  odies  were  obtained  from  Tjm  Curran 
(Roche  Institute)  The  anti  Net  sera  was  from  a  rabbit  and  was  used  a  ;  a  negative  control  antibody 


'Partly  (although  not  exclusively)  on  TCR-initiated  sig 
’  ailing,  as  has  been  suggested  previously  (25) 

To  determine  whether  the  recruitment  of  AP- 1  activ- 
!,y  required  the  activation  of  preexisting  complexes  or 


new  protein  synthesis,  cycloheximide  was  added  30 
mm  before  mitogen  treatment.  That  cycloheximide 
treatment  inhibited  the  recruitment  oi  AP  i  activity 
suggests  that  de  novo  protein  synthesis  must  be  in 
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volved  (Fig.  3b).  This  result  was  consistent  with  the 
observation  that  2  hr  of  stimulation  were  required  be- 
fore  significant  recruitment  of  AP- 1  DNA-binding  activ¬ 
ity  (Fig.  1 ).  Thus,  it  is  conceivable  that  Nef  inhibits  c-foa 
and/or  c -jun  transcription.  Alternatively,  Nef  may  affect 
the  expression  of  another  factor  which  inhibits  AP-1 
activity. 

To  identify  the  polypeptides  present  in  the  inducible 
AP-1  complex,  we  incubated  nuclear  extracts  derived 
from  the  22F6  cells  with  an  anti-c-Fos  and  anti-c-Jun 
antibody,  individually  or  in  combination,  prior  to  the  ad¬ 
dition  of  labeled  oligonucleotides  (Fig  3c).  Antisera  to 
c-Fos  or  c-Jun  inhibited  complex  formation  approxi 
mately  3-fold  (lanes  3  and  4  compared  to  lane  2)  and,  in 
combination,  inhibited  complex  formation  7-fold  (lane  5 
compared  to  lane  2),  suggesting  the  presence  of  c-Fos 
and  c-Jun  in  the  complex.  Ffowever,  these  antibodies 
did  not  cause  a  supershift,  presumably  because  anti¬ 
body  binding  to  c-Fos  and  c-Jun  caused  conforma¬ 
tional  changes  which  are  not  permissive  for  DNA  bind¬ 
ing  activity.  In  these  experiments,  an  anti-Nef  antibody 
was  used  as  a  negative  control  (lane  6  compared  to 
lane  2). 

Additional  experiments  were  performed  to  exclude 
the  possibility  that  Nef  directly  inhibits  AP-1  binding  to 
DNA,  or  that  Nef  induces  a  secondary  component  that 
interferes  with  complex  formation  (Fig.  3c).  An  anti¬ 
body  to  Nef  did  not  relieve  the  inhibition  of  AP-1  recruit¬ 
ment  in  1 33  cells  (compare  lane  7  to  lane  1 ).  Moreover, 
mixing  nuclear  extracts  from  133  and  22F6  cells  did 
not  result  in  inhibition  of  AP- 1  activity  compared  to  that 
seen  in  extracts  from  22F6  cells  alone  (compare  lane  8 
to  lane  2). 

Previous  studies  indicated  that  the  binding  of  AP-1 
to  the  HIV-1-LTR  AP-1  recognition  sites  plays  little,  if 
any,  role  in  affecting  transcriptional  activity  (2,  30). 
Zeichner  and  co-workers  generated  several  HIV- 1  - 
LTR-CAT  linker-scanning  mutants  in  the  region  of  the 
AP  1  recognition  sites  and  transfected  the  mutant 
plasmids  into  Jurkat  cells  (30).  There  were  no  signifi¬ 
cant  differences  in  CAT  activity  between  the  wild-type 
HIV- 1  LTR  CAT  plasmid  and  the  AP  1  mutant  plasmids 
in  cells  that  were  or  were  not  stimulated  with  PFIA  and 
PMA  (30). 

However,  the  intragenic  AP- 1  recognition  sites  were 
capable  of  mediating  transcriptional  activation  follow¬ 
ing  phorbol  ester  treatment  ( 2 ).  Therefore,  we  cloned  a 
synthetic  oligonucleotide,  corresponding  to  the  two 
adjacent  AP- 1  sites  within  the  pol  gene  (2)  or  an  oligo¬ 
nucleotide  which  contained  three  nucleotide  substitu¬ 
tions  in  these  AP  1  consensus  sites,  into  the  polylinker 
of  the  enhancerless  pCAT  promoter  plasmid  (Pro- 
mega)  These  plasmids  were  called  pCAT-IG-APl  and 
pCAT-MIG-APl ,  respectively.  ThepCAT  promoter  con¬ 
struct,  in  the  absence  of  the  AP  I  sites,  contains  the 
SV40  core  promoter,  afforded  low  basal  chlorampheni¬ 


col  acetyltranferase  (CAT)  activity  in  T-cells,  and  was 
not  inducible  in  T-cells  following  treatment  with  T-cell 
mitogens  (data  not  shown). 

The  pCAT-IG-APl  and  pCAT-MIG-APl  constructs 
were  transiently  transfected  into  the  Jurkat  22F6  and 
133  cells,  as  well  as  Jurkat  25  clone  22D8  cells.  The 
22D8  cells  represent  a  distinct  clonal  cell  line  which, 
like  the  1 33  cells,  also  stably  express  the  nef  gene  from 
HIV-1  isolate  NL-43  (25).  Transiently  transfected  cells 
were  either  not  stimulated  or  were  stimulated  with  PH  A 
and  PMA  for  18  hr  and  CAT  activity  was  then  mea¬ 
sured.  CAT  activity  in  transfected  cells  was  relatively 
low,  between  1  and  3%  conversion  to  acetylated  prod¬ 
ucts.  However,  we  found  an  average-fold  induction  in 
CAT  activity  of  3.6  ±  0.4  in  the  22F6  cells  transfected 
with  the  pCAT-IG-APl  plasmid,  compared  to  an  aver¬ 
age-fold  induction  of  1 .4  ±  0.2  in  the  1 33  cells  and  no 
induction  in  the  22D8  cells  (Fig.  4).  Transfection  effi 
ciencies  were  higher  in  the  Nef-expressing  cells  and 
were  determined  by  parallel  transfections  with  non-Nef 
responsive  promoters  including  Rous  sarcoma  virus- 
CAT,  cytomegalovirus-CAT,  and  simian  polyoma  virus 
40-CAT  (data  not  shown).  These  determinations  were 
statistically  significant,  with  95%  confidence  intervals, 
with  respect  to  fold  induction,  of  2. 8-4. 4  for  the  22F6 
cells,  1  0-1.8  for  the  133  cells,  and  0.9- 1.1  for  the 
22D8  cells.  Using  a  Mann  -Whitney  U  test  analysis,  the 
probability  that  there  is  no  difference  in  the  fold  induc¬ 
tion  between  the  22F6  cells  and  the  133  and  22D8 
cells  is  1  in  a  1000.  CAT  activity  was  not  induced  in 
cells  transfected  with  the  pCAT-MIG-APl  construct, 
indicating  that  the  integrity  of  the  AP-1  site  in  the  in¬ 
serted  oligonucleotide  was  essential.  Thus,  Nef-me- 
diated  inhibition  of  AP-1  DNA-binding  activity  pre¬ 
vented  AP-1 -mediated  transcriptional  activation. 

What  role  AP-1  plays  with  respect  to  HIV-1  regula¬ 
tion  is  unclear.  Nef  could  inhibit  AP- 1  -mediated  activa¬ 
tion  of  HIV-1  directly,  by  preventing  the  interaction  of 
AP-1  with  the  intragenic  enhancer  in  the  pol  gene.  In 
addition,  by  inhibiting  AP-1  recruitment  during  T-cell 
activation,  Nef  may  affect  the  regulation  of  AP-1 -acti¬ 
vated  cellular  genes.  Effects  on  such  cellular  genes 
may  alter  the  cellular  environment,  positively  or  nega¬ 
tively,  which  may  indirectly  affect  HIV- 1  replication.  For 
example,  the  finding  that  c-Fos  and  c-Jun  are  early  re¬ 
sponse  mediators  of  T-cell  activation  (9),  coupled  with 
the  observation  that  HIV  1  cannot  replicate  in  resting, 
unactivated  T  cells  (31,  32),  presents  a  scenario  for 
indirect  effects  of  Nef  on  HIV-1  expression. 

In  addition  to  mediating  the  suppression  of  AP  i  re¬ 
cruitment,  we  found  that  Nef  also  inhibited  the  mito 
gen-mediated  induction  of  NF-kB  (33).  NF-kB,  like  AP 
1 ,  is  an  early  response  effector  ol  T-cell  activation  (34) 
and  has  been  shown  to  be  an  important  activator  of 
HIV  1  replication  in  stimulated  T  cells  (35).  Thus,  Net 
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Fig.  4.  Chloramphenicol  acetyltranferase  (CAT)  assays  extracts 
prepared  from  Jurkat  25  cells  transfected  with  the  pCAT-IG-APl  and 
pCAT-MIG-APl  plasmids.  The  data  are  presented  as  the  mean  ratio 
of  the  level  of  CAT  activity  present  in  cells  stimulated  for  1 8  hr  with 
PHA-P  and  PMA  compared  to  the  level  present  in  unstimulated  cells 
The  error  bars  represent  the  standard  deviation  of  the  mean.  Meth¬ 
ods:  Jurkat  cells  were  transfected  with  40  ^ g  of  the  indicated  plasmid 
using  DEAE-dextran.  Briefly,  10'  cells  were  incubated  with  plasmid 
DNA  suspended  in  1 0  ml  of  serum-free  RPMI  1640,  0.25  /WTris  (pH 
7.3),  and  1 25  /tg/ml  DEAE-dextran  (Sigma)  at  37°  for  40  min.  Follow¬ 
ing  centrifugation  at  2000  g  'nr  7  min,  cells  were  maintained  in 
growth  media  containing  10%  fetal  calf  seio.n  for  24  hr.  Cells  were 
or  were  not  treated  with  PHA-P  (13  eg/ml)  and  PMA  (75  ng/ml)  and 
incubated  an  additional  18-24  hr.  Cell  extracts  were  prepared  and 
CAT  activity  was  measured  by  standard  methods  ( 4 t).  Extract  equiv¬ 
alent  to  3  X  106  cells,  as  determined  by  Bradford  reagent  analysis 
(Bio-Rad),  was  used  for  each  18-hr  reaction.  CAT  activity  was  in  the 
linear  range  of  analysis  with  respect  to  extract  amount  and  incuba¬ 
tion  time.  The  amount  of  CAT  activity  was  quantitated  by  excising 
the  spots  corresponding  to  the  unacetylated  and  acetylated  forms  of 
['4C]chloramphemcol  and  measuring  radioactivity  in  a  scintillation 
counter  The  plasmid  pCAT -IG-AP 1  was  generated  by  cloning  a  dou¬ 
ble-stranded  oligonucleotide  corresponding  to  the  two  adiacent  in¬ 
tragenic  AP-1  recognition  sites  ( 2 )  and  containing  a  SamHI  sticky 
end  on  the  5' end,  GATCTCAAAGTGAATCAGAGTTAGTCAATCAAA- 
TAAT.  and  a  Sa/I  sticky  end  on  the  5’  end  of  the  complementary 
oligonucleotide,  TCGAATTATTTGATTGACTAACCAGCTGAT- 
TCACTTTGA.  into  the  BamHI  and  Sail  sites  in  the  enhancerless 
pCAT-promoter  plasmid  (Promega).  Plasmid  pCAT-MIG-APl  was 
made  in  the  same  way  except  that  the  AP-1  recognition  sites  in  the 
oligonucleotide  used  for  cloning  were  disrupted  by  substitutions  at 
the  following,  underlined  positions;  GAT CT CAAAGCGGAT AT C AGC - 
TGGTTAATCAAATAAT.  Cells  were  transfected  4  to  6  times  with 
each  plasmid,  a  mean-fold  induction  was  calculated,  and  the  stan 
dard  deviat  on  of  the  mean  was  determined  The  average  fold  indue 
tion  and  standard  deviations  were  3.6  ±  0.4,  1  4  ±  0  2,  and  0  9  ±  0  1 
for  the  22F6,  133,  and  22D8  cells,  respectively 

mediated  inhibition  of  recruitment  of  both  AP-1  and 
NF-kB  may  intensify  the  negative  effects  on  HIV- 1  repli¬ 
cation  in  T-cells.  By  inhibiting  virus  replication  directly 
and/or  by  blocking  T-cell  activation,  Nef  may  provide  a 
reservoir  of  persistently  infected  cells  which  may  ulti¬ 
mately  contribute  to  HIV-1  clinical  latency,  HIV- 1 -me¬ 
diated  CD4  T-cell  depletion,  and  AIDS. 
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VPX  is  a  16  kDa  accessory  protein  expressed  in  cells  infected  with  HIV-2  and  most  SIV  strains  and  is  packaged  into 
virus  particles.  In  order  to  define  the  requirements  for  incorporation  of  VPX  into  virions,  VPX  and  HIV-2  GAG-POL  were 
expressed  independently  from  a  vaccinia  virus-based  transient  expression  system.  Under  these  conditions,  VPX  was 
exported  from  transfected  cells  only  when  coexpressed  with  the  HIV-2  GAG-POL  plasmid.  A  27  kDa  protein  co precipi¬ 
tating  with  VPX  was  found  to  have  an  identical  electrophoretic  mobility  as  the  GAG  capsid  protein,  and  reacted  with  an 
anti-GAG  antiserum.  Coexpression  of  VPX  and  GAG-POL  resulted  in  virus-like  particles  containing  both  proteins,  as 
determined  by  sucrose  gradient  analyses.  Expression  of  VPX  and  HIV-2  GAG  without  POL  gave  similar  results.  VPX 
association  with  HIV-2  GAG  p27  capsid  protein  was  specific,  since  no  association  was  found  with  the  HIV-1  GAG 
p25/p24  capsid  protein,  ie  1994  Academic  Press.  Inc 


Vpx  and  vpr  are  homologous  genes  found  in  human 
and  simian  immunodeficiency  viruses  (SIV)  ( /).  The  vpr 
gene  is  found  in  all  of  these  lentiviruses,  while  the  vpx 
gene  is  only  found  in  HIV-2,  SIVmac,  SIVmnd,  and  SIVsmm. 
The  protein  products  (VPR  and  VPX)  are  similar  in  mo¬ 
lecular  mass  (14-16  kDa,  96-1 12  ammo  acids)  and 
demonstrate  26-39%  amino  acid  sequence  identity. 

The  function  of  the  vpx  protein  product  is  unknown. 
Though  vpx  is  dispensable  for  virus  replication  in  T  lym¬ 
phoid  cell  lines,  replication  is  accelerated  by  the  pres¬ 
ence  of  vpx  (2-4).  The  magnitude  of  enhancement  of 
virus  replication  appears  to  be  greatest  in  primary  lym¬ 
phocytes  and  macrophages  (5,  6).  The  vpx  product  ap¬ 
pears  to  act  at  an  early  step  in  virus  replication  prior  to 
reverse  transcription  (7). 

The  vpx  gene  product  is  packaged  in  the  virion,  re¬ 
sulting  in  a  1:1  stoichiometry  with  the  GAG  p27  protein 
(8).  Moreover,  VPX  may  be  an  RNA  binding  protein  (8). 
However,  the  mechanism  of  virion  packaging  of  VPX 
and  the  localization  of  VPX  within  the  virion  have  not 
been  defined  and  are  the  focus  of  the  current  study. 

To  examine  the  requirements  for  VPX  and  GAG-POL 
association,  we  expressed  the  protein  products  sepa¬ 
rately  or  together  in  a  vaccinia  virus  expression  sys¬ 
tem.  For  this  purpose,  the  HIV-2  vpx  gene  was  ampli¬ 
fied  by  the  polymerase  chain  amplification  reaction 
(PC R)  and  cloned  between  the  A/col  and  Sacl  sites  of 
pTM3  (9),  and  the  resultant  plasmid  was  designated 
pTMX.  This  plasmid  includes  a  T7  polymerase  pro- 

'  To  whom  correspondence  grid  reprint  requests  should  be  ad 
dressed  at  Box  8125.  660  S.  Euclid,  Washington  University.  St 
Loins,  Missouri  63110  Telephone:  314  362  8836  Teletax  314 
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moter  and  an  encephalomyocarditis  5'  untranslated 
sequence  to  enhance  CAP-independent  protein  syn¬ 
thesis.  The  gag  and  pol  genes  of  HIV-2  were  cloned 
between  the  A/col  and  Sacl  sites  of  pTM3  to  produce 
clone  pTMGP2.  These  plasmids  were  then  transfected 
into  an  African  green  monkey  kidney  cell  line  (BSC40) 
which  had  first  been  infected  with  a  vaccinia  virus  ex¬ 
pressing  the  T7  polymerase  (VTF7-3)  (9).  The  trans¬ 
fected  cells  were  labeled  with  Trans[35S]label  (ICN)  and 
the  labeled  cell-associated  (Fig.  1A)  and  conditioned 
media-associated  proteins  (Fig.  1 B)  were  immunopre- 
cipitated  with  anti-VPX  (odd-numbered  lanes)  and  anti- 
HIV2  GAG  antisera  (even-numbered  lanes). 

Cells  transfected  with  pTMX  contained  a  labeled 
product  of  1 6  kDa  (Fig.  1  A,  lane  3)  that  was  not  found  in 
pTM3  or  pTMGP2  transfected  cells  (lanes  1  and  5,  re¬ 
spectively).  Cells  transfected  with  pTMGP2  contained 
protein  products  of  44,  27,  and  25  kDa  (lane  6).  The  44- 
and  25-kDa  proteins  were  not  detected  in  cells  trans¬ 
fected  with  pTM3  (lanes  1  and  2)  or  pTMX  (lanes  3  and 
4),  while  a  cellular  protein  reacting  nonspecifically  with 
the  anti-GAG  and  anti-VPX  antisera  and  coelectrophor- 
esing  with  the  27-kDa  protein  is  evident  in  the  control 
samples  (lanes  1  -5).  The  44-kDa  product  is  most  likely 
a  partially  cleaved  GAG  product  which  includes  the  N- 
terminal  pi  7  matrix  residues  and  the  p27  sequences. 
The  27-  and  25-kDa  products  are  probably  two  iso- 
forms  of  the  HIV-2  capsid  protein,  as  has  been  previ¬ 
ously  reported  (10-  12).  Two  isoforms  of  the  HIV  1  cap¬ 
sid  protein  have  also  been  described  which  have  elec 
trophoretic  mobilities  equivalent  to  25-  and  24  kDa 
proteins  (13).  It  is  also  notable  that  the  anti-VPX  and 
d i  l U~VjrAVJ  cit  1 1 tovj i  d  oi  ujvv  i  iu  evidence  of  serological 
cross  reactivity  (lanes  4  and  5).  Cotransfection  of 
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Fig.  1.  Association  of  recombinant  vaccinia  virus  expressed  VPX  with  GAG  p27.  BSC40  cells  were  cotransfected  1  hr  after  infection  with 
VTF7-3  with  20^g  of  pTM3  (lanes  1.2.9.  1 0),  pTMX  (lanes  3.  4.  if.  12.  17.  1 8).  pTMGP2  (lanes  5,  6.  13.  14),  pTMX  and  pTMGP2  (lanes  7.  8.  15. 
16.  19,  20).  pTMX  and  pTMG2  (lanes  2 1 . 22),  or  pTMX  and  pTMGPr2  (lanes  23.  24).  The  calcium  phosphate  precipitation  method  was  used  for 
1.  ansfection  for  (A)  and  (B)  and  the  lipofectin  transfection  method  for  (C),  and  equivalent  amounts  of  DNA  were  transfected  in  each  case  (with  the 
addition  of  pTM3).  After  3  hr  of  cultivation  in  DMEM  supplemented  with  ,  0%  fetal  calf  serum.  50  nJm\  penicillin,  and  50  MS'/|Ti'  streptomycin  the 
cells  were  planed  in  medium  lacking  methionine  and  cysteine,  and  labeled  for  16  hr  with  100  jiCi/ml  Trans[35S)label  (ICN).  Samples  of  condi¬ 
tioned  medium  (lanes  9-24)  were  cleared  of  cellular  debris  by  centrifugation  at  1000  rpm  for  5  mm  and  then  0.1  vol  of  10*  lysis  buffer  was 
added.  Cells  were  washed  with  PBS  and  then  PBS  was  added  to  the  plates  during  scraping  with  a  rubber  policeman.  0.1  vol  of  i  Ox  lysis  buffer 
was  added  and  the  cells  were  vortexed  at  4°  for  1  min  Nuclei  were  removed  by  centrifugation  at  2000  rpm  for  1 0  min  Immunoprecipitation  was 
performed  with  a  rabbit  anti-l /px  antiserum  (odd-numbered  lanes)  or  a  mouse  monoclonal  anti  HIV-2  GAG  antiserum  (even-numbered  lanes; 
provided  by  Dr.  Paul  Yoshihara  through  the  NIH  AIDS  Reagent  Repository).  Immunoprecipitates  were  washed  with  1  x  lysis  buffer  three  times 
and  then  30  /ul  of  2x  sample  buffer  was  added.  Samples  were  treated  at  100°  for  5  mm  and  analyzed  on  12%  PAGE  Molecular  weight  markers 
are  indicated  (M)  and  the  sizes  are  listed  on  the  right  of  the  figure  m  kDa. 


BSC40  cells  with  pTMX  and  pTMGP2  resulted  in  the 
expression  of  both  the  16-kDa  VPX  product  (Fig.  i  A. 
lane  7)  and  the  44-,  27-,  and  25-kDa  GAG  products 
(lane  8). 

Analysis  of  the  conditioned  media  from  the  vaccinia 
virus  infected  and  transfected  BSC40  cells  demon¬ 
strated  no  detectable  VPX  protein  when  pTMX  was 
transfected  alone  (lane  11).  However,  expression  of 
pTMGP2  resulted  in  expression  in  the  medium  of  the 
27-  and  25-kDa  GAG  proteins  (lane  1 4).  These  proteins 
showed  no  reactivity  with  the  anti-VPX  antiserum  (lane 
13).  When  cells  were  cotransfected  with  pTMX  and 
pTMGP2,  VPX  was  detectable  in  the  medium  (lane  1 5). 
This  suggests  that  expression  of  GAG  and/or  POL  pro¬ 
teins  are  required  for  the  export  of  VPX  from  trans¬ 
fected  cells.  Furthermore,  exposure  of  the  conditioned 
media  to  the  anti-VPX  antiserum  resulted  in  coprecipi- 
tation  of  the  GAG  p27  protein  (lane  15).  This  provides 
evidence  for  association  of  the  p27  GAG  protein  and 
pi 6  VPX  protein.  However,  very  little  16  kDa  protein 
coimmunoprecipitated  with  the  27  kDa  protein  when 
arifi  GAG  antiserum  was  used  (lane  16).  Differences  m 
the  ability  of  the  anti  VPX  and  anti  GAG  antisera  in  pre 
eipitatmg  the  GAG  VPX  complex  may  he  due  to  mask¬ 
ing  of  the  anti  GAG  epitope  by  VPX 

To  determine  if  pnl  products  are  required  for  VPX 
export.  pTMX  was  cotransfected  with  either  pTM2 


(Fig.  1 C,  lanes  1 7  and  1 8),  pTMGP2  (lanes  1 9  and  20), 
or  an  expression  clone  for  HIV-2  gag  only,  pTMG2 
(lanes  21  and  22).  Alternatively,  pTMX  was  cotrans¬ 
fected  with  an  expression  clone  for  HIV-2  gag  and  pro¬ 
tease  products  only,  pTMGPr2  (lanes  23  and  24). 
pTMG2  and  pTMGPr2  were  constructed  from  PCR 
products  of  HIV-2  nucleotides  540  -2113  and  540- 
2669,  respectively,  and  cloned  between  the  A/col  and 
EcoRI  sites  of  pTM3. 

As  in  the  previous  experiments  (Fig.  1  B),  expression 
of  pTMX  without  gag  products  did  not  resuit  in  the 
release  of  VPX  into  the  conditioned  media  (Fig.  1C, 
lane  17).  Coexpression  of  pTMX  with  pTMGP2  re¬ 
sulted  in  release  from  the  cell  of  GAG  p27,  a  smaller 
amount  of  GAG  p55,  and  VPX  (pi  6,  Fig.  1 C,  lanes  1 9 
and  20).  Coexpression  of  pTMX  with  pTMG2  resulted 
in  the  release  from  the  cell  of  GAG  p55,  but  not  GAG 
p27  (Fig.  1 C,  lane  22),  as  expected,  since  the  viral  pro¬ 
tease  was  deleted  from  this  expression  clone.  VPX 
was  exported  with  GAG  p55  in  this  experiment  (Fig 
1C.  lane  21).  Coexpression  of  pTMX  with  pTMGPr? 
resulted  in  the  release  from  the  cell  of  GAG  p27.  a 
smaller  amount  of  GAG  p55,  and  VPX  (Fig.  1 C .  lanes 
23  and  24).  In  each  case  in  which  VPX  was  released 
from  the  cell,  immunoprecipitation  of  VPX  with  the  anti 
VPX  antiserum  resulted  in  coprecipitation  of  proteins 
with  identical  electrophoretic  mobilities  to  those  of  the 
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Fig.  2.  Immunological  characterization  of  the  27-kDa  protein  co 
precipitating  with  VPX.  (a)  Anti-VPX  (lanes  1 .  3,  5)  and  antt-GAG  im 
munoprecipitates  (lanes  2,  4,  6)  of  conditioned  media  from  cells 
transfected  with  pTMX  (ianes  1 ,  2),  pTMGP2  (lanes  3,  4),  or  both 
plasmids  (lanes  5,  6)  were  analyzed  by  SDS-PAGE  and  immunoblot- 
ted  with  the  anti-GAG  antiserum.  Detection  was  with  the  horserad¬ 
ish  peroxidase-coupled  anti-mouse  antibody,  followed  by  enhanced 
chemiluminescence  detection  (ECL,  Amersham).  The  specific  27- 
kDa  protein  is  indicated  to  the  right,  (b)  Anti-VPX  immunoprecipitates 
from  Trans(3!>S]labeled  cells  cotransfected  with  pTMX  and  pTMGP2 
were  analyzed  by  immunoprecipitation  with  the  anti-VPX  antiserum 
with  (lane  2)  or  without  (lane  1)  solubilization  in  2x  sample  buffer, 
dilution  in  l  ml  lysis  buffer,  and  repeat  immunoprecipitation  with  the 
anti-VPX  antiserum 

GAG  protein  products  (p27  or  p55,  Fig.  1C,  lanes  19, 
21,  and  23).  Thus,  pol  products  are  dispensable  for 
VPX  export  from  the  cell  in  the  presence  of  gag  prod¬ 
ucts. 

To  prove  that  the  27-kOa  protein  coprecipitating  with 
VPX  is  the  HIV-2  capsid  protein,  we  performed  immu- 
noblots  with  the  immunoprecipitated  proteins  (Fig.  2a). 
Immunoprecipitates  obtained  with  the  rabbit  anti-VPX 
antiserum  (lanes  1,  3,  and  5)  or  the  mouse  anti-GAG 
antiserum  (lanes  2,  4,  and  6)  were  analyzed  by  SDS- 
PAGE,  transferred  to  nitrocellulose,  and  blotted  with 
the  anti-GAG  monoclonal  antibody.  Although  back¬ 
ground  bands  due  to  immunoglobulins  are  noted,  a 
specific  band  of  27  kDa  is  recognized  in  the  anti-VPX 
immunoprecipitate  of  conditioned  medium  from  cells 
transfected  with  pTMGP2  and  pTMX  (lane  5)  and  anti- 
GAG  immunoprecipitates  of  conditioned  media  from 
cells  transfected  with  pTMGP2  alone  (lane  4)  or  cells 
transfected  with  pTMGP2  and  pTMX  (lane  6).  This  pro 
tem  was  not  detected  in  the  negative  control  lanes 
(lanes  1  3). 

Kappes  el  at.  have  recently  described  a  30-kDa  pro 
tein  in  HIV-2  particles  reacting  with  anti-VPX  antiserum 
(7).  They  suggested  that  this  may  represent  a  protein 
with  VPX  sequences  fused  to  otherviral  sequences.  To 
exclude  the  possibility  that  the  p27  protein  expressed 
in  the  vaccinia  expression  system  described  here  is 

uch  a  fusion  protein,  experiments  were  performed  to 
dissociate  the  p27  p16  complex.  The  anti-VPX  im- 
munoprecipitate  from  conditioned  media  of  cells  co 
transfected  with  pTMGP2  and  pTMX  was  solubilized 
l)V  beating  at  1 00°  for  5  min  in  sample  buffer  (62.5  m/W 
Tr,R  Gl.  pH  6.8,  2%  SDS,  5%  2  mercaptoethanol),  di¬ 


luted  in  lysis  buffer,  and  reimmunoprecipitated  with  the 
anti-VPX  antiserum  (Fig.  2b).  The  products  of  the  first 
immunoprecipitation  included  both  the  1 6-  and  27-kDa 
proteins  (lane  1),  whereas  after  dissociation  of  the 
complex,  only  the  1 6-kDa  protein  was  immunoprecipi¬ 
tated  (lane  2).  This  provided  evidence  that  the  27-kDa 
protein  lacks  an  epitope  reactive  with  the  anti-VPX  an¬ 
tiserum,  in  agreement  with  the  previous  findings  (Fig. 
1).  Thus,  immunoprecipitation  of  the  27-kDa  protein 
with  the  anti-VPX  antiserum  (Fig.  2b,  lane  1 )  must  be  a 
result  of  an  association  with  VPX. 

In  order  ro  determine  if  the  VPX  and  GAG  proteins 
exported  from  transfected  cells  were  associated  with 
virus-like  particles,  sucrose  gradient  analyses  were  un¬ 
dertaken  (Fig.  3).  Proteins  released  from  metabolically 
labeled  VTF7-3  infected  cells  transfected  with  pTMX, 
pTMGP2,  or  both  plasmids  were  sedimented  through  a 
20%  sucrose  cushion  and  analyzed  on  20-60%  (w/v) 
sucrose  gradients.  Each  fraction  was  concentrated 
with  10%  (w/v)  trichloracetic  acid  and  analyzed  by 
SDS-PAGE  (Fig.  3).  Fraction  9  represented  the  peak 
fraction,  at  density  1.142,  for  both  the  1 6-  and  27-kDa 
proteins  (Figs.  3b  and  3c).  Immunoprecipitation  of  frac¬ 
tion  9  from  pTMGP2  transfected  cells  revealed  no  prod¬ 
ucts  reactive  with  anti-VPX  antiserum  and  only  the  27- 
kDa  capsid  protein  reactive  with  the  anti-GAG  anti¬ 
serum  (not  shown)  Analysis  of  fraction  9  from  cells 
cotransfected  with  pTMGP2  and  pTMX  demonstrated 
the  1 6-  and  27-kDa  proteins  after  immunoprecipitation 
with  the  anti-VPX  antiserum  and  the  27-kDa  protein 
after  immunoprecipitation  with  the  anti-GAG  antiserum 
(not  shown).  Immunoprecipitation  of  fraction  9  of  su¬ 
crose  gradients  of  particulate  material  from  pTMX 
transfected  cells  (Fig.  3a)  using  either  the  anti-VPX  an¬ 
tiserum  or  the  anti-GAG  antiserum  revealed  no  parti¬ 
cle-associated  viral  proteins.  This  is  consistent  with 
the  previous  finding  (Fig.  1)  that  VPX  is  exported  from 
transfected  cells  only  in  the  presence  of  GAG  protein 
expression. 

Immunogold  electron  microscopy  using  anti-VPX 
antiserum  confirmed  the  presence  of  VPX  in  particles 
released  from  BSC40  cells  cotransfected  with  pTMX 
and  pTMGP2.  In  these  studies,  gold  panicles  were 
also  seen  overlying  budding  particles  at  the  plasma 
membrane  (not  shown).  No  labelling  cf  the  plasma 
membrane  was  seen  in  cells  that  were  transfected  with 
pTMX  alone,  or  pTMGP2  alone. 

In  order  to  examine  the  specificity  of  the  interaction 
of  the  HIV2  p27  GAG  protein  and  VPX,  an  experiment 
was  performed  to  ask  whether  HIV1  GAG  protein  asso¬ 
ciates  with  VPX  (Fig.  4).  For  this  purpose,  we  cloned 
both  the  gag  and  pol  genes  of  HIVi  into  pTM3  at  the 
A/col  site  in  the  polylinker  in  clone  pTMGPl .  A  plasmid 
capable  of  expressing  only  the  HIV  1  gag  product  was 
constructed  from  pTMGPl  by  introducing  a  frameshift 
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Fig.  3.  Sucrose  gradient  analysis  ol  particles  expressed  from  recombinant  vaccinia  virus  infected  cells.  BSC40  cells  were  infected,  irans 
fected,  and  labeled  with  Trans[36S]label  as  described  in  Fig.  t  legend.  Cellular  debris  was  removed  from  the  conditioned  media  by  centrifugation 
at  4000  rpm  fc  1 0  m'-  at  4°.  Particles  were  concentrated  by  sedimentation  through  a  20%  sucrose  cushion  prepared  in  PBS  at  28.000  rpm  for 
90  mm  at  4°  in  a  SW  28  I  rotor.  Particles  were  resuspended  in  200  ^1  PBS.  layered  on  linear  20-60%  sucrose  gradients  in  PBS,  and 
centrifugation  was  performed  in  a  SW28  1  rotor  at  20,000  rpm  for  1 6  hr  at  4°.  Fractions  were  removed  from  the  bottom  of  the  tube  la)  Sucrose 
gradient  fractions  from  cells  transfected  with  (a)  pTMX,  (b)  pTMGP2,  or  (c)  pTMX  and  pTMGP2  were  precipitated  with  10%  trichloracetic  acid 
and  analyzed  by  1 2%  SDS-PAGE.  The  densnometnc  analysis  of  the  sucrose  gradients  is  shown  below  each  autoradiogram  with  the  densities  ot 
each  fraction  as  determined  by  refractive  indices.  M  indicates  molecular  weight  markers,  which  are  30.  22,  and  14  kDa  in  size 


mutation  at  the  Bell  site  in  the  5'  portion  of  the  pol  gene 
and  designated  pTMGl .  BSC40  cells  transfected  with 
pTMX  with  or  without  the  GAG  expression  clones  were 
labeled  with  Trans[35S]label  and  proteins  in  the  cell  ly¬ 
sate  (not  shown)  and  conditioned  media  (Fig.  4)  were 
immunoprecipitated  with  anti-VPX  or  anti-GAG  anti¬ 
sera.  Cells  transfected  with  pTMX  alone  or  pTMX  with 
pTMGPI,  pTMGP2,  or  pTMGl  expressed  similar 
amounts  of  VPX  protein  in  the  cell  lysates  (not  shown). 

Examination  of  the  conditioned  media  demonstrated 
no  VPX  protein  from  cells  transfected  with  pTMX  alone 
(Fig.  4,  lane  6).  Conditioned  media  from  cells  trans¬ 
fected  with  pTMGPI  alone  show  a  predominant  25 
kDa  product  and  smaller  amounts  of  24-  and  41  kDa 
products  (lane  7).  Conditioned  media  from  cells  trans¬ 
fected  with  pTMGP2  alone  show  a  27-kDa  proauct  and 
a  smaller  amojnt  of  the  25-kDa  product  (lane  9),  as 
previously  demonstrated  (Pig.  1).  Conditioned  media 
from  cells  transfected  with  pTMGl  included  a  55  kDa 
product  (lane  1  1 ),  representing  the  GAG  precursor  pro¬ 
tein  which  is  not  cleaved  due  to  the  absence  f  viral 
protease  expression  from  this  plasmid. 

Coexpression  of  pTMX  and  pTMGP2  results  in  VPX 
export  into  the  conditioned  media  (Fig.  4,  lane  16)  as 
well  as  GAG  p27  expression  (lane  15).  Furthermore, 
GAG  p? 7  coprecipitates  with  VPX  using  the  anti  VPX 
antiserum  (lane  I  6).  and  to  a  lesser  degree  VPX  copre 
cipitates  with  GAG  with  the  anti  GAG  antiserum  (lane 


15).  In  contrast,  coexpression  of  pTMX  with  pTMGP1 
(lane  14)  or  pTMGl  (lane  18)  did  not  result  in  VPX  ex¬ 
port  or  coprecipitation  with  GAG  (lanes  13  and  17). 
These  data  suggest  that  VPX  associates  specifically 
with  HIV2  GAG  products  and  not  HIV  1  GAG  products 
The  current  study  has  examined  the  viral  determi¬ 
nants  required  for  VPX  packaging.  This  work  demon¬ 
strates  an  association  between  GAG  p27  and  VPX. 
This  may  represent  a  direct  interaction  of  the  viral  cap¬ 
sid  protein  and  VPX.  Alternatively,  an  indirect  associa¬ 
tion  through  another  factor  is  possible.  Such  a  '  'or 
could  be  RNA,  in  light  of  the  previous  report  that  VPX 
binds  RNA  (8).  HIV-2-specific  viral  RNA  would  not  be 
expected  in  the  particles  produced  with  the  vaccinia 
virus  vector  since  the  presumed  viral  packaging  se 
quence  is  not  included  in  the  expression  plasmid 
Some  RNA  species  is  present  in  the  particle,  as  demon 
strated  by  [3H]undme  labeling  experiments  an  :  su 
crose  gradient  analysis,  but  attempts  to  copreapitate 
RNA  with  VPX  using  anti  VPX  antiserum  were  unsuc¬ 
cessful  (not  shown).  This  suggests  that  there  is  not  a 
tight  association  of  VPX  with  RNA  in  particles  pro 
duced  in  this  expression  system.  The  current  data  sK 
do  not  exclude  the  presence  of  additional  viral  GAG 
proteins  in  the  complex  with  VPX.  This  must  be  exam 
ined  with  additional  specific  antisera 
The  current  findings  demonstrate  that  expression  ot 
gag  is  sufficient  for  incorporation  of  VPX  into  virus  like 
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Fig.  4.  Specificity  of  VPX  for  association  with  HIV-2  GAG  but  not  HIV-i  GAG  protein  BSC40  cells  were  transfected  with  pTM3  (lanes  l  3). 
pTMX  (lanes  4  -6).  pTMGPl  (lanes  7.  8).  pTMGP2  (lanes  9.  TO),  pTMGl  (lanes  11.  12),  pTMX  and  pTMGPI  (lanes  13.  14).  pTMX  and  pTMGP2 
(lanes  15.  1 6),  or  pTMX  and  pTMG  1  (lanes  1 7,  1 8).  Cells  were  transfected  with  equivalent  amounts  of  DNA  and  labeled  with  Trans(3!,S]label.  as 
described  in  Fig.  1  legend.  Samples  of  conditioned  media  were  immunoprecipitated  with  an  anti  HIV  t  GAG  antiserum  (lanes  1.4.7.  11.  13.  17. 
produced  in  rabbits  with  a  recombinant  protein  provided  by  the  NIH  AIDS  Reagent  Repository  through  American  Biotech),  the  anti  HIV-2  p24 
antiserum  (lanes  2,  5.  9.  1 5),  or  the  anti-VPX  antiserum  (lanes  3.  6.  8.  to,  12,  14,  16.  18).  Samples  were  electrophoresed  on  SDS- PAGE  and 
molecular  weight  standards  (M)  are  shown  on  the  right. 


particles.  Neither  the  envelope  protein  nor  pol-en- 
coded  proteins  are  required  for  VPX  packaging. 

The  association  of  VPX  and  the  GAG  p27  protein  and 
the  incorporation  of  VPX  in  the  virus  particles  suggest  a 
role  early  in  the  virus  life  cycle  for  VPX.  VPX  may  facili 
fate  the  dissolution  of  the  viral  core  in  order  for  reverse 
transcription  to  occur.  The  exact  mechanism  of  VPX 
function  remains  to  be  defined. 
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The  negative  factor,  Nef,  of  HIV-1  was  found  to  associate  to  an  extent  of  16-42%  with  the  detergent  insoluble 
cytoskeletal  fraction  of  T  lymphocytes.  Furthermore,  Escherichia  coli expressed  Nef  protein  was  found  to  bind  during  in 
vitro  reactions  with  the  cytoskeletal  matrix  to  an  extent  of  30-50%.  Cytoskeletal  association  of  Nef  was  significantly 
enhanced  by  myristoylation  The  specificity  of  the  myristoylation-enhanced  binding  was  demonstrated  by  the  lack  of  an 
effect  of  myristoylation  on  binding  of  the  HIV-1  Gag  protein  to  the  cytoskeleton.  Cytoskeletal  binding  was  saturable, 
and  inhibited  by  high  concentrations  of  sodium  chloride,  or  with  SDS  or  urea.  Binding  of  Nef  to  the  cytoskeletal  matrix 
may  be  important  in  mediating  its  effects  on  HIV-1  replication,  it  1993  Academic  Press,  inc 


The  negative  factor  gene,  nef,  is  present  in  all  human 
and  simian  immunodeficiency  viruses  ( 7).  The  nef  gene 
product  of  HIV- 1  is  generally  25-27  kDa  and  197-210 
ammo  acid  long,  whereas  the  nef  gene  products  of 
HIV-2  and  SIVs  are  generally  32  kDa  and  240-264 
amino  acids  in  length  (/).  Though  there  is  only  38% 
sequence  homology  between  HIV-1  and  SIVmac  Nef 
proteins,  there  is  a  much  higher  level  of  conservation  of 
the  central  region  of  the  proteins  whicn  have  homology 
to  G  proteins  (2).  Ir,  addition,  a  myristoylation  acceptor 
glycine  codon  at  the  penultimate  codon  position  is 
present  in  all  nef  genes  ( /).  Though  the  role  of  the  myr- 
istoyl  modification  of  Nef  is  not  clear,  it  has  been  sug¬ 
gested  to  be  critical  for  its  cellular  localization  and  its 
activity  (3,  4). 

In  vivo,  Nef  is  important  for  the  pathogenicity  of  SIV¬ 
mac  in  rhesus  macaques  (5).  Several  in  vitro  studies 
have  suggested  that  both  HIV-1  and  SIVmac  Nef  pro¬ 
teins  function  to  depress  virus  replication  (6- 10)  at  the 
level  of  viral  transcription  (2,  3,  8,  1 1),  but  not  all  au¬ 
thors  have  reached  similar  conclusions  ( 12- 14).  In  ad¬ 
dition,  Nef  appears  to  depress  cell  surface  expression 
of  CD4  and  induction  of  IL2  expression  in  T  lympho¬ 
cytes  (15,  16).  The  relationship  between  the  in  vitro 
and  in  vivo  activities  of  Nef  remains  to  be  defined. 

Several  studies  have  also  examined  the  cellular  local¬ 
ization  of  Nef,  but  with  differing  results  (4.  13,  17-19). 
The  current  studies  utilized  cell  fractionation  methods 
to  demonstrate  localization  of  a  portion  of  Nef  in  the 
cytoskeletal  matrix  of  T  lymphocytes.  This  is  a  deter¬ 
gent  insoluble  framework  of  orotems  which  includes 


me  cytoskeleton  and  membrane  skeletal  fractions,  fur 
7  ■  vmi,  wo  m.  o  developed  a  ,  .ove-  e  nd  rig  as m 


examine  the  dependence  of  myristoylation  for  Nef  bind¬ 
ing  to  the  cell  skeletal  matrix. 

In  order  to  examine  the  cellular  localization  of  Nef, 
we  used  a  JURKAT  25  cell  clone  resulting  from  stable 
transfection  of  a  plasmid  (SRalpha)  expressing  nef  from 
HIV-1  strain  NL4-3,  using  a  human  T-iympnotropic 
virus  type  1  (HTLV1)  promoter  and  an  SV40  enhancer 
(133  cells)  (15,  20,  2  7).  Control  JURKAT  25  cells  (22F6 
or  22  cells)  do  not  express  Nef.  In  addition,  we  used 
HPBALL  cells  infected  with  a  recombinant  retrovirus 
expressing  nef  from  HIV-1  strain  SF2  using  the  Mo- 
MuLV  promoter  (NEF  cells),  and  control  HPBALL  cells 
not  bearing  nef  sequences  (LN  cells)  (76,  20,  21).  Both 
unstimulated  cells  and  cells  stimulated  for  4  hr  with 
phorboi-1 2-myristate-1 3-acetate  and  phytohemagglu- 
tinin  were  used.  Cells  were  lysed  in  hypotonic  lysis 
buffer  (1 0  m/W  HEPES,  pH  7.9,  10  m M  KCI)  by  Dounce 
homogenization,  and  unbroken  cells  and  nuclei  were 
removed  by  centrifugation  at  1  500  rpm  at  4°  in  an  Ep- 
pendod  centrifuge.  The  postnuclear  supernatant  was 
supplemented  with  NaCI  to  a  final  concentration  of  1 50 
m/W  and  was  then  separated  by  ultracentrifugation  at 
38,000  rpm  in  a  70. 1  Ti  rotor  at  4°  for  1  hr  into  a  super¬ 
natant  fraction  (cytosol,  C)  and  a  pellet.  The  pellet  was 
resuspended  in  NTENT  buffer  (1  50  m/W  NaCI,  1 0  m/W 
Tris-CI.  pH  8.0,  1  m/W  EDTA,  pH  8.0,  3  ^l/ml  aprotmin. 
0.1  m/WPMSF,0.l  m/W  sodium  vanadate.  lOm/WNaF, 
50  m/W  glycerol  phosphate,  1%  Triton  X  100,  1%  NP 
40)  and  resedimenied  under  the  same  ultracentrifuga 
tion  conditions  into  a  supernatant  fraction  (membrane, 
M)  and  a  oeilet  (skeleton.  K) 
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Fig.  2.  Mynstoylation  of  Nut  in  L  coli.  Bacteria  (strain  JM 101)  were 
transformed  with  the  NMT  expression  plasmid  alone  (N)  or  together 
with  plasmids  expressing  the  mynstoylation  acceptor  mutant  Net  (A) 
or  the  wild  type  Nef  (G)  (22)  Bacteria  (2  ml)  were  grown  to  rind  log 
phase  (Aj.,,,,  0.5  0.6)  and  induced  with  20  ql  of  1 00  m M  IPTG  to 

induce  NMT  expression  and  2  ql  50  mg/ml  nalidixic  acid  to  induce 
Nef  expression  for  an  additional  2  4  hr  in  the  presence  of  400  qCi 
[ ’Hjrnyristatc  (56  Ci/mniui.  Aiiieishain)  Bautena  were  Sedimented 
at  6000  rpm  for  1 5  min  in  a  JA20  rotor  at  4°.  washed  twice  with  PBS. 
and  lysed  by  boiling  in  100  ql  of  2x  sample  buffer  Equivalent  vol 
umes  (5  j<l)  were  analyzed  by  SDS  PAGE  and  (a)  immunoblot  as 
described  in  Fig.  1  or  (b)  autoradiography  (22).  Molecular  weight 
■  cl  ■  is  are  shown  in  lane  M 
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Fig.  1.  Nef  is  associated  with  skeletal,  membrane,  and  cytoplas 
mic  cellular  fractions  (a)  HPBALL  and  (b)  JURKAT  cells  were  fraction 
ated  by  ultracentrifuqation  into  cytoplasmic  (C).  membrane  (M),  and 
skeletal  fractions  (K)  HPBALL-LnefSNSt  cells  (NEF-U  and  NCF  S) 
•:xpu.-!.s  the  nel  gene  derived  from  the  HIV- 1  is*  Male  S:  2  whereas  the 
(JBA!  I  L.N  cells  (LN  U  and  l  N  S)  do  not  express  nel  Cells  were 
untamed  at  logarithmic  growth  in  RPMM640  medium  supple 
riienteri  with  10%  fetal  bovine  serum  and  2  mM  glutamine  Four 
hours  prior  to  harvest.  7  x  10'  cells  were  either  not  stimulated  (U)  or 
were  stimulated  (S)  with  1 3  gy/ml  PHA  (Sigma)  and  50  ng/ml  PMA 
(Sigma)  Cells  were  harvested  at  1 500  rpm  for  5  min  and  were 
washed  twice  with  phosphate  buffered  sulme  (PRSi  Cell  pellets 
were  resuspended  in  hypotonic  lysis  buffer  arid  allowed  to  swell  on 
ce  tor  i  5  min  Colls  were  then  dounced  20  times,  nuclei  and  unhro 
-  ■  ri  cells  removed  at  1500  rpm,  and  post  nuclear  supernatants  frrju 
hos'ited  by  ultrar  I'nlntiigaliori  into  cytoplasmic  (O'  membrane  (Mi 
arid  skeletal  fractions  (K)  as  described  in  the  text  Fraction  uquaa 
‘"its  were  analyzed  by  1 0%  RDC  PAGL  and  immunnbiot  analysis 
d'C  primary  ,v  'iho.-Jy  was  a  rabbit  anli  Nef  rsntisorum  nr  a  mouse 
z  S  tubulin  ariliserum  (Bnuhrinqur  Mannheim),  and  ttie  second  ny 
’  'ifio'ty  was  a  hor.r-ritfisb  (leroxidase  conjugated  goat  anti  rabbit 
Sitech)  or  .ilkahne  jitiosptiatar.e  con|i|fjated  goat  anti  muusu 
s’d-tj  fSoteins  wuro  visualized  lollowing  tu.-  ,'rdiiit.  ii  ■  ,t 
lArriersti,  ini)  or  FJ 13 1  tfiCIP  jPrnmeg.ii  and  were  guana 
il< '' 1  '  ’  'l''n  .itometry  of  Kodak  XAR  films  All  I  rands  w> "e  m  the 

,  ’’  '  a  analysr  as  determinei )  try  a  standard  curve  I  Dll  and 

(  ’’  iv  C  .igm,);  w'-re  performed  using  *;-]ui  al.'nt  ainou':*  f 
as  desrrihed  by  fire  mam  if  as  turer  T  he  .1’  fn'.ljl*'  -ire 
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seen  between  unstimulated  or  stimulated  HPBALL 
cells  (Fig.  la)  or  JURKAT  cells  (Fig.  lb).  Similar  results 
were  obtained  in  fractionation  studies  using  [3H]myristate- 
labeled  Nef  (not  shown).  The  skeletal  fraction  had  no 
significant  contaminating  membrane  or  cytosolic  pro 
teins,  as  evidenced  by  the  lack  of  significant  amounts 
of  5’  nucleotidase  (5'NT,  membrane  marker  protein)  or 
lactate  dehydrogenase  (LDH,  cytosolic  marker  pro 
tein).  Tubulm  was  used  as  a  marker  protein  for  the  skel 
etal  fraction,  and  5 1  59%  of  this  protein  was  present  in 
the  skeletal  fraction.  38%  in  the  cytosolic  fraction,  and 
only  3  1 1%  in  the  membrane  fraot  t  n  (f  .  :  la).  Thus, 
there  is  very  little  contamination  of  the  membrane  frac 
tion  with  skeletal  protein 

In  order  to  further  assess  the  nature  of  the  binding  of 
Nef  to  the  skeletal  matrix,  recombinant  proteins  ex¬ 
pressed  in  Eschenchu)  colt  were  utilized  (22).  T o  obtain 
myristoylatod  bacterial  Nef  proteins,  we  transformed 
bacteria  with  a  nef  expression  plasmid  and  a  plasmid 
expressing  the  yeast  N  myristoyl  transferase  (Fig  Pa, 
G).  In  this  experiment,  the  nef  gene  was  derived  from  a 
recombinant  of  two  closely  related  HIV  1  strains.  HXBP 
and  f  IXB3  (22).  A  clone  with  a  glycine  to  alanine  mu'a 
tion  in  the  mynstoylation  acceptor  site  was  utilized  to 
g-  - r > ' r . 1 1 •  ■  a  n< a u i  wr  i • , t ■  a  I.  it  2  e ;  form  >  :  Net  lAt  It .  .nidi 

:  i,  * : 1 . |  Z  t  ■:  :  > i .  is  i  ■  T  \ «  *  ts!  /  V  f  I  iyf  ISu  -  v  I  t f .  if!.-  tt  t  JSe  aiOtfi v 

(N)  was  used  as  a  negative  control  A  25  kl)a  protein 
was  detected  frerri  both  A  and  G  expresS're  systems, 
as  detected  t)y  a  |  ■<  *lyr  .lotial  rabbit  antisr  ran  S'  Net 
(tag  Pa).  1  tie  form  of  net  with  glycine  code  could 
i  na  ati  i  [ i.n  id1  k  t  s  if  ■'  'I'  d  watl  i  |  t  tlrrr,  r  z  r  i  d' 
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Fig.  3.  Binding  of  Nef  and  Gag  proteins  to  skeletal  matrix.  Bacteria  (50  ml)  were  grown  to  mid  log  phase,  and  induced  with  0  5  ml  1 00  mW  IPTG 
and  50  pi  50  mg/ml  nalidixic  acid  for  an  additional  2  4  hr  Extracts  were  prepared  as  described  in  the  text  from  bacteria  expressing  NMT  alone 
(N)  or  together  with  (a)  Nef  G  or  Nef-A  proteins  or  (b)  Gag-G  or  Gag-A  proteins.  Binding  was  performed  with  300  pg  of  recombinant  bacterial 
protein  and  300  pg  HPBALL  (IN)  lymphoid  skeletal  proteins  as  described  in  the  text  at  18-20°  for  30  min  The  reaction  mixture  was  separated  by 
ultracentrifugation  into  a  supernatant  and  pellet  fraction,  and  20  pt  of  each  sample  was  analyzed  by  1 0%  SDS  -  PAGE  and  immunoblot  with  the 
anti-Nef  antibody  or  an  anti-Gag  p24  antibody  as  described  in  the  legend  to  Fig,  1  The  Nef  bands  were  in  the  linear  range  of  analysis  as 
determined  by  a  standard  cun/e.  Specific  binding  of  recombinant  bacterial  proteins  to  lymphoid  skeletal  proteins  are  described  at  the  bottom 


tected  by  SDS-PAGE  and  autoradiography.  In  con¬ 
trast,  no  [3H]myristate  incorporation  occurred  into  the 
mutated  Nef  (A)  or  into  E.  coli  proteins  (N).  Also  identi¬ 
fied  m  the  A  and  G  Nef  expressing  bacteria,  but  not 
those  expressing  NMT  alone,  were  small  amounts  of 
19  and  26-kDa  proteins  which  did  not  incorporate 
[3H]myristate  (even  with  a  longer  exposure  of  the  auto¬ 
radiogram  shown  in  Fig.  2b). 

Recombinant  G  and  A  Nef  proteins  were  partially  pu¬ 
rified  from  E.  coli  after  lysozyme  treatment  and  somca- 
tion  in  NTENT  buffer  supplemented  with  0.5%  SDS  and 
0.5  M  NaCI.  Insoluble  debris  was  removed  by  ultracen- 
trifugation  at  45,000  rpm  for  3  hr  at  4°  in  a  70  Ti  rotor 
before  and  after  dialysis  overnight  against  NTENT 
buffer.  For  in  vitro  binding  reactions,  skeletal  matrix 
was  prepared  from  HPBALL  (LN)  cells  as  previously 
described.  Binding  reactions  were  performed  with  300 
of  partially  purified  bacterial  proteins  (in  20  */l)  and 
300  ng  of  insoluble  skeletal  proteins  (in  20  #il)  in  a  reac 
tion  volume  of  1 00  ^1  in  NTENT  buffer  at  1 8°  for  30  min. 
Similar  results  were  obtained  in  reactions  performed 
for  5  120  min.  Tfie  reaction  mixtures  were  then 
boated  by  ultracentrifugation  at  38,000  rpm  for  30  min 
at  in  a  70  1 1  rotor.  The  supernatant  was  transferred 
to  100  pi  of  4x  sample  buffer  (0.25  /WTris  Cl,  pH  6.8, 
8"/,  SDS,  40%  glycerol,  20%  2  rnercaptoethanol, 
0.02%  bromophenol  blue),  and  the  pellet  was  resus 
ponded  in  200  ^1  of  2x  sample  buffer  Twenty  micro 
liters  of  each  sample  was  then  analyzed  on  a  10% 
SDS  PAGF  and  analyzed  with  the  anti  Nef  antiserum 
using  the  LCL  system  (Amersham).  The  relative  pro 
portions  of  protein  in  each  fraction  were  determined  by 
dcnsitometrio  analysis 


Representative  results  of  a  binding  experiment  are 
shown  in  Fig.  3a.  Between  30  and  50%  of  the  Nef  G 
protein  (average  34%)  was  found  associated  specifi¬ 
cally  with  the  skeletal  matrix,  whereas  only  5-15%  of 
the  Nef  A  protein  (average  8%)  was  in  the  pellet  frac¬ 
tion.  When  expressed  in  the  absence  of  /V-myristoyl 
transferase,  Nef  G  and  Nef  A  showed  no  significant 
differences  in  cytoskeletal  binding  (not  shown).  The  re¬ 
sults  presented  in  the  table  represent  12  independent 
experiments  with  6  different  preparations  of  Nef  pro¬ 
teins  and  6  different  preparations  of  skeletal  matrix. 

To  determine  the  specificity  of  the  myristoylation-en- 
hanced  Nef  binding  to  skeletal  matrix,  binding  of  HIV-1 
Gag  proteins  was  also  analyzed  (Fig.  3b).  The  Gag  E. 
coli  expression  system,  was  similar  tn  the  Nef  expres 
sion  system,  and  used  the  gag  and  po/ genes  of  HIV- 1 , 
which  were  detected  with  a  rabbit  anti-p24  polyclonal 
antiserum,  as  previously  described  (22).  The  predomi¬ 
nant  protein  was  55  kDa,  representing  the  full  Gag  pre 
cursor,  and  smaller  amounts  of  41  and  39  kDa  pro 
teins  were  also  expressed  which  were  derived  from 
HIV- 1  protease-specific  scission  at  the  p17/p24  and 
p24/pl  5  cleavage  sites.  In  tins  system.  30  40%  of  the 
Gag  G  protein  (average  33%)  bound  specifically  to  the 
skeletal  matrix,  and  30  45%  of  the  Gag  A  protein 
bound  the  pellet  components  (average?  38%)  1  hus. 
myristoylation  did  not  enhance  Gag  association  with 
the  skeletal  matrix,  as  it  did  in  the  case  of  Nef. 

The  nature  of  the  skeletal  matrix  binding  site  for  ID 
mynstoylated  Nef  protein  was  analyzed  by  saturation 
binding  experiments  and  studies  of  reagents  that  pre 
vented  Nef  association  with  the  insoluble  matrix  (Fig 
4).  With  increasing  amount;,  of  Nef  G  protein  e*.ira<  h 
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Fig.  4.  Saturation  binding  and  inhibition  studies  of  the  Net  interac 
tion  with  the  skeletal  matrix,  (a)  Protein  extracts  from  Nef-G  bacteria 
(0  75  p\,  0- 1 100  tig)  were  incubated  with  500  ng  HPBALL  LN  skele 
tal  proteins  in  1 40  ^1  total  NTENT  as  described  in  Fig.  3  and  the  text, 
(b)  Extracts  from  Nef-G  bacteria  (300  pg)  were  incubated  with  300  pg 
HPBALL-LN  skeletal  proteins  that  were  not  pretreated,  or  were  pre¬ 
treated  for  5  min  with  the  specific  reagents,  in  a  total  volume  of  1 00 
pi  NTENT.  and  fractionated  as  described  in  the  legend  to  Fig,  3  and 
the  text  The  amount  of  Nef  specific  binding  to  the  skeletal  matrix 
was  determined  by  SDS  PAGE,  immunoblot  analysis,  anddensitom 
etry  as  described  in  the  legend  to  Fig  3.  All  Nef-speeific  bands  were 
quantitated  in  the  linear  range  of  analysis  as  determined  by  a  stan¬ 
dard  curve  The  residual  protein  contents  of  the  cytoskeletal  prepara 
tions,  as  determined  with  the  Bradford  reagent,  after  treatment  with 
specific  reagents,  compared  to  the  untreated  samples  were  as  fol¬ 
lows  65%  after  1  M  NaCl,  58%  after  1.5  M  NaCI.  52%  after  3  M 
NaCI.  35%  after  0.5%  SDS,  72%  after  2  M  urea,  95%  after  3  m M 
mynstic  acid,  and  97%  alter  9  mM  mynstic  acid  treatment.  These 
experiments  were  repeated  on  three  separate  occasions  with  similar 
results 

incubated  with  a  constant  amount  of  skeletal  proteins, 
saturation  of  binding  was  achieved  with  approximately 
25  pi  (300  pg)  of  Nef  protein  extract  (Fig.  4a).  The 
amount  of  Nef  protein  in  this  volume  of  extract  was  20 
pg  as  determined  by  comparing  the  intensity  of  the 
Nef-specific  band  in  the  bacterial  extract  to  a  standard 
curve  using  purified  Nef  protein  (provided  by  the  AIDS 
Repository).  Using  25  kDa  as  the  molecular  mass  of 
Nef.  this  corresponds  to  b  /  10M  molecules  of  Nef 
required  to  saturate  500  pg  of  skeletal  proteins.  Thus, 
the  calculated  number  of  skeletal  binding  sites  for  Nef 
is  approximately  2  x  1 07  sites/cell. 

The  association  of  Nef  v>  ith  the  skeletal  matrix  could 
be  inhibited  with  progressively  increasing  concentra 
tions  of  NaCI  from  1  to  3  M  (Fig.  4b).  That  35  4 0%  of 
Nef  bound  to  the  skeletal  matrix  m  the  presence  of  1 .5 
M  NaCl  suggests  a  tight  interaction;  however,  binding 
•  r;  almost  completely  inhibited  with  3  M  NaCI.  This 
r,i'>  suggest  that  ionic  interactions  may  be  critical  for 
r'f‘;t  cytoskeletal  interaction.  Protein  denaturants,  SDS 
und  urea,  could  completely  prevent  the  binding  of  Nef 
tcj  the  cytoskolof.il  matrix,  suggesting  that  the  tertiary 


structure  of  either  Nef,  the  cytoskeletal  binding  site,  or 
both  is  important  for  binding  (Fig.  4b)  It  should  be 
noted  that  the  size  or  nature  of  the  cytoskeletal  pellet  in 
these  experiments  was  not  significantly  altered  in  the 
presence  of  NaCI,  SDS,  or  urea.  Though  protein  con 
tents  of  the  cytoskeleton  were  diminished  to  some  ex¬ 
tent  by  these  treatments  (Fig.  4  legend),  the  effects  on 
Nef  binding  were  significantly  larger  than  those  on  the 
protein  content.  Finally,  inclusion  of  3  or  9  mM  mynstic 
acid  did  not  afieci  the  association  of  Nef  with  the  skele¬ 
tal  fraction,  suggesting  that  the  Nef  binding  factor  is 
not  merely  a  mynstic  acid  binding  receptor.  This  is  in 
agreement  with  the  observation  that  mynstoylated  Gag 
did  not  associate  with  the  cytoskeletal  fraction  to  a 
greater  extent  than  its  nonmyristoyiated  counterpart 
(Fig.  3). 

The  data  presented  here  suggests  that  Nef  protein 
derived  from  three  different  HIV- 1  isolates  is  capable  of 
associating  with  the  T -cell  cytoskeletal  matrix  and  that 
the  interaction  is  facilitated  by  myristoylation.  It  is  possi¬ 
ble  that  Nef  binds  directly  to  a  cytoskeletal  protein  such 
as  actin  or  tubulin,  or  it  is  possible  that  Nef  interacts 
with  a  protein  that  binds  directly  to  the  cytoskeleton. 
Additionally,  it  is  possible  that  mynstoylated  Nef  may 
bind  to  one  cytoskeletal  binding  site,  while  nonmyris¬ 
toyiated  Nef  may  bind  to  a  distinct  site.  This  may  ex¬ 
plain  the  different  binding  patterns  of  these  two  forms 
of  Nef.  Alternatively,  both  forms  of  Nef  may  bind  to  the 
same  site,  and  myristoylation  serves  to  promote  or  sta¬ 
bilize  the  interaction.  The  result  that  50-85%  of  Nef 
associates  with  either  the  membrane  or  cytoskeletal 
fraction  (Fig.  i )  may  reflect  the  fact  that  only  50  85%  ot 
Nef  proteins  within  the  cell  are  mynstoylated.  Within 
intact  cells,  there  may  be  a  dynamic  state  such  that 
Nef  may  localize  and  translocate  within  cells  depend¬ 
ing  upon  differences  in  post-translational  modifica¬ 
tions,  such  as  myristoylation,  phosphorylation,  or  gly 
cosylation. 

Previous  studies  regarding  the  localization  of  Nef 
have  reported  that  Nef  is  primarily  extranuclear  ( 13.  17) 
and  that  myristoylation  is  required  for  membrane  asso¬ 
ciation  (4).  However,  these  experiments  do  not  exclude; 
the  possibility  that  mynstoylated  Nef  associated  with 
the  cytoskeletal  matrix  as  well  Other  studies  utilizing 
irnmunohistoohoriii'  ai  methods  suggest  that  N*”'  is 
present  throughout  th>-  cytoplasm,  but  large  arc..  . ants 
of  Nef  are  located  in  a  perinuclear  location  as  we  ’S. 
19)  Additionally.  Ovnd  at  ai.  report  that  Nef  war-  also 
present  in  elongated  ,  ytnplasmir.  pre<  esses,  m  pseu 
dopods  (18)  Interest-ugly,  perinuclear  ronreniration, 
and  the  presence  ot  N< -t  in  pseudopt ids  mu\  In  v  on 
ststont  with  the  possibility  that  Net  is.  ,iss- «  >ateo  with 
cytoskeletal  elements  in  that  the  microtubule  <  cianiz 
if ig  center  is  in  a  peunuclt  sir  location,  and  >  v t ■.  <  letai 

components  me  pres. -nt  in  pseud-  >p- ids,,  and  w  im 
portant  for  their  formation  I  he  n  'suits  presented  in  the 
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current  study  are  consistent  with  the  previous  studies 
in  which  cytoskeletal  association  of  Nef  was  not  ad¬ 
dressed. 

The  cell  matrix  includes  the  cytoskeleton  and  the 
membrane  matrix.  It  is  composed  of  a  framework  of 
fibers  that  maintain  the  structural  integrity  of  the  cell, 
and  allow  the  interaction  of  cell  surface  receptors  with 
membrane  matrix  and  cytoskeleton. 

There  are  several  interesting  parallels  between  Nef 
and  two  other  myristoylated  proteins,  MARCKS  and 
Src.  MARCKS  (myristoylated  alanine-rich  C-kinase 
substrate)  is  one  member  of  a  family  of  myristoylated 
proteins  in  macrophages  and  neutrophils  {23).  It  binds 
calmodulin  and  regulates  cell  activation  and  mitogene- 
sis.  MARCKS  colocahzes  with  vinculin,  talin,  and  pro¬ 
tein  kinase  C  in  focal  contacts  where  the  actm  cytoskei- 
eton  abuts  the  substrate  adherent  plasma  membrane. 
Furthermore,  MARCKS  can  bind  and  cross-link  actm, 
and  this  binding  is  regulated  by  phosphorylation,  cal¬ 
cium,  and  calmodulin.  The  first  14  amino  acids  of 
MARCKS,  including  the  myristoylation  acceptor  site, 
are  critical  for  its  cytoskeletal  binding. 

Myristoylation-dependent  binding  has  also  been 
shown  for  the  oncoprotein  Src  (24).  In  this  case,  a  spe¬ 
cific  membrane  protein  of  32  kDa  was  found  to  bind 
myristoylated  but  not  nonmyristoylated  Src.  Myristoy¬ 
lated  peptides  corresponding  to  the  amino-terminal 
sequence  of  Src  were  capable  of  inhibiting  binding  to 
the  receptor,  whereas  myristoylated  peptides  based 
on  sequences  of  other  proteins  had  no  inhibitory  ef¬ 
fects.  Myristoylation  is  critical  for  Src-mediated  trans¬ 
formation,  and  previous  work  suggests  that  myristoyla- 
tion  may  be  critical  for  Nef  effects  as  well  (3). 

Cytoskeletal  binding  has  also  been  found  for  several 
members  of  the  G  protein  family,  including  G  alpha,  rab 
5,  M„,  and  a  homologous  protein  in  Dictyostelium  (25  - 
28).  Other  cytoskeletal  binding  proteins  in  lymphocytes 
include  ezrm,  intercellular  adhesion  molecule  1  (ICAM- 
1 ),  CD  1 1  a/CD  1 8,  and  LSP- 1  which  may  be  phosphory- 
lated  and  utilize  a  basic  domain  for  cytoskeletal  binding 
(29-32).  In  several  cases,  cytoskeletal  binding  has 
been  implicated  in  the  regulation  of  cell  activation.  An 
other  interesting  example  of  a  cytoskeletal  binding  pro 
tein  is  the  Epstein  Barr  virus  latent  membrane  protein 
which  is  important  for  the  ability  of  the  virus  to  immor 
talize  R  lymphocytes  (33).  Thus,  Nef  may  have  similar 
properties  to  these  proteins  in  that  it  has  homology  to 
G  proteins  (though  GTR  does  not  bind  well  if  at  all  to 
Nef),  it  is  phosphorvlated  by  protein  kinase  C,  and  it 
can  modulate  T  cell  activation  (34) 

I  he  significance  of  skeletal  matrix  binding  of  Nef  re 
mains  to  be  determined  However,  recent  findings 
have  suggested  that  Nef  disrupts  signal  transduction 
in  T  lymphocytes,  inhibiting  both  NF  kBaud  API  goner 
align  fry  PMA  and  PHA  exposure  (20.  21)  Hus  may  ho 
due  to  an  effect  on  the  T  cell  receptor  CD3  protein 


tyrosine  kinase-G  protein  complex,  or  an  effect  on  pro 
tein  kinase  C  activation.  Cytoskeletal  interaction  of  one 
or  more  of  these  components  or  other  important  cell 
regulators  may  be  altered  by  Nef.  This  may  account  for 
the  ability  of  Nef  to  downregulate  HIV  1  transcription 
and  to  inhibit  T  cell  activation,  which  may  result  in  a 
reservoir  of  persistently  infected  cells  with  repressed 
virus  expression. 
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The  subcellular  localization  of  human  immunodeficiency  virus  type  I  (H1V-1)  viral  protein  R  (Vpr)  was 
examined  by  subcellulai  fractionation.  In  HlV-1-infected  peripheral  blood  mononuclear  cells.  Vpr  was  found 
in  the  nuclear  and  membrane  fractions  as  well  as  the  conditioned  medium.  Expression  of  Vpr  without  other 
HIV-1  proteins,  in  two  different  eukaryotic  expression  systems,  demonstrated  a  predominant  localization  of 
Vpr  in  the  nuclear  matrix  and  chromatin  extract  fractions.  Deletion  of  the  carboxyl-terminal  19-amino-acid 
arginine-rich  sequence  impaired  Vpr  nuclear  localization.  Indirect  immunofluorescence  confirmed  the  nuclear 
localization  of  Vpr  and  also  indicated  a  perinuclear  location.  Expression  of  Vpr  alone  did  not  result  in  export 
of  the  protein  from  the  cell,  but  when  coexpressed  with  the  Gag  protein,  Vpr  was  exported  and  found  in 
virus-like  particles.  A  truncated  Gag  protein,  missing  the  p6  sequence  and  a  portion  of  the  p9  sequence,  was 
incapable  of  exporting  Vpr  from  the  cell.  Regulation  of  Vpr  localization  may  be  important  in  the  influence  of 
this  protein  on  virus  replication. 


The  human  immunodeficiency  virus  type  1  (HIV-1)  genome 
is  more  complex  than  those  of  murine  and  avian  retroviruses. 
In  addition  to  the  basic  functions  encoded  by  gag.  pal,  and  env, 
the  HIV-1  genome  includes  at  least  six  additional  genes  with 
distinct  regulatory  roles  (sec  references  31  and  39  for  reviews). 
Two  of  these  regulatory  genes,  tat  and  rev.  are  essential  for 
virus  gene  expression.  The  remaining  genes,  vpr.  i pit,  vif,  and 
nef  are  dispensable  for  virus  replication  in  tissue  culture,  but 
mutations  of  these  genes  alter  the  replication  properties  of  the 
virus. 

HIV- 1  vpr  encodes  a  protein  (viral  protein  R  [Vpr])  of  96 
amino  acids  (27).  Previous  studies  have  shown  that  the  vpr 
products  can  increase  the  rate  of  replication  of  the  virus  anti 
accelerate  its  cylopathie  effects  in  'E-cell  lines  and  in  peripheral 
blood  mononuclear  cells  (PBMC’s)  (6.  X,  28.  29).  Cohen  and 
colleagues  suggested  that  vpr  increased  gene  expression  from 
the  HIV-1  promoter,  as  well  as  a  wide  range  of  other  promot¬ 
ers.  but  the  mechanism  of  this  effect  remains  to  be  determined 
(7).  vpr  is  also  found  in  the  genomes  of  HIV-2  and  several 
strains  ol  simian  immunodeficiency  virus  (SIV)  (5.  14).  The 
activity  of  the  1 1 1 V  -  2  and  SIV  vpr  gene  products  appears  to  be 
similar  to  that  ol  1 1 IV- 1  vpr  ( 16.  35).  furthermore.  SI V,,,„  vpr 
is  important  for  the  development  of  an  AIDS-like  disease  in 
rhesus  macaques  (22). 

IIIV-I.  IIIV-2.  and  SIV'  vpr  gene  products  have  26  to  36'/ 
amino  acid  identity  (40).  Certain  features  ol  the  Vpr  proteins 
among  Hi  Here  ill  HIV  isolates  are  highly  conserved,  including 
the  presence  of  a  single  cysteine  residue  at  amino  acid  position 
76  ol  IIIV-I  Vpr.  a  predicted  amphipathic  alpha  helical  loop  in 
the  N-lcnninnl  portion  of  the  protein,  and  the  presence  ol  an 

'  •  ».  .  I  •  »  *  I 
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Vpr  is  packaged  within  the  HIV'- 1  virion  (6.  45).  Similar 
findings  have  been  reported  for  SIV,„„  Vpr  (44).  The  Vpi 
protein  is  the  onb  regulators  product  ol  IIIV-I  found  in  virus 
particles,  though  the  homologous  c/u  ecnc  products  of  IIIV-2 
and  SIV,,,.,,  are  also  associated  with  suns  particles  (17  19). 
However,  the  subcellular  distribution  ol  Vpr  and  the  mccha- 
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nism  of  incorporation  into  virus  particles  are  unclear.  In  this 
study,  the  subcellular  localization  of  Vpr  in  H I V-i -infected 
PBMCs  and  in  two  different  vpr  expression  systems  in  mam¬ 
malian  cells  was  examined  by  subcellular  fractionation  and 
indirect  immunofluorescence  techniques.  The  role  in  cellular 
localization  of  the  carboxyl-terminal  arginine-rich  sequence  of 
Vpr  was  specifically  studied.  Lastly,  the  effects  of  Gag  coex¬ 
pression  on  Vpr  export  and  incorporation  into  virus  particles 
were  examined. 

MATERIALS  AND  METHODS 

Cell  lines  and  culture.  COS-7  cells  were  obtained  from  the 
American  Type  Culture  Collection  and  maintained  in  Dulbce- 
eos  modified  Eagle's  medium  (DMEM)  supplemented  with 
IOC  heat-inactivated  fetal  calf  serum.  I  mM  pyruvate.  100  U 
of  penicillin  per  ml.  and  100  pg  of  streptomycin  per  ml.  BSC40 
cells  were  maintained  in  the  same  medium.  I’BMCs  were 
purified  from  normal  human  leukocytes  by  centrifugation  onto 
ficoll.  Alter  3  days  of  stimulation  with  phytohemaggluimin  ( 15 
gLg/ml:  Sigma).  I’BMCs  were  maintained  in  Rl’MI  1640  me¬ 
dium  supplemented  with  IOC  heat-inactivated  fetal  call' se¬ 
rum.  4  mM  glutamine.  5o  D  of  recombinant  interleukin  2 
(Celus)  per  ml.  100  L  ol  penicillin  per  ml.  and  100  jig  ol 
streptomycin  per  ml. 

Vpr  and  (big  expression  plasmids.  IIIV-I  nucleotides  5558 
to  5869  (numbered  according  to  reference  2C  encompassing 
the  pNI.4-3  vpr  gene  was  obtained  by  the  polvmcrase  chain 
amplification  reaction,  using  primers  A  A  I  At  (  A  IGGAA 
(  AAGt  X  '(  <  At .  AAG  A  and  <  i.A  I  <  i(  IK  (  At  i(  It  I A  It 'CG  I 
t  I  At  i<  i  A  It  I  At  I  ( i  I  he  lead  inn  product  was  digested  with 
.Vo I  and  /fund  II  ami  cloned  into  p  i  M3  (designated  hcic 
pTM)  (12.  26).  to  produce  pIM-VI’B  I  lie  Yenl  /fwud II 
liagment  ol  pTM-VI’R  was  cloned  between  the  Su/1  and  Sm  I 
sites  of  pSRalpha  (25)  alfei  blunt  ending  with  I  t  UN  \ 
polymerase,  ill  the  correct  orientation  (pSRA  I’Rs)  and  in  the 
incorrect  or  antisense  orientation  (pSR-VI’Ra)  I see  I  ig.  2  \) 
Ihe  (  RS  I  mutant  clone  was  eonsti  acted  b\  digcs'ion  ol 
pNI  1-3  with  Sail,  at  nucleotide  5~sr>.  and  blunt  cmline  with 
Ihe  Klenow  liagment  ol  I  )\ A  polvmeiase  1.  It  was  then  cloned 
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into  the  pTM  vector  hv  the  strateuv  used  to  construct  pTM- 
VPR. 

An  Ncol-Ncol  fragment  from  plasmid  pGGl  (3.  32).  con¬ 
taining  nucleotides  789  to  5674,  was  cloned  into  the  AVoI  site 
of  plasmid  pTM3,  to  produce  plasmid  pTM-GAG-POL.  This 
clone  contains  the  gut;  and  pot  open  reading  frames,  Depression 
of  the  pot  gene  was  abrogated  by  frameshift  mutation  at  the 
Bd\  site  at  nucleotide  2428  in  the  5'  portion  of  pot  to  produce 
pTM-GAG.  Plasmid  pTM-GAG(p4l)  was  constructed  from 
pTM-GAG-POL  by  frameshift  mutation  at  the  Apa I  site  at 
nucleotide  2005.  using  T4  DNA  polymerase  I.  This  results  in  a 
termination  codon  at  nucleotide  2058  after  the  first  Cys-His 
box  coding  region  of  p9. 

Vpr  and  Gag  p24  antisera.  A  New  Zealand  White  rabbit  was 
inoculated  with  complete  Freund's  adjuvant  containing  200  pg 
of  Vpr  protein,  synthesized  according  to  the  sequence  of 
HIV-I  strain  LAI  and  kindly  provided  bv  H.  Gras-Masse  (13) 
Booster  doses  of  200  pg  of  Vpr  in  incomplete  Freund's 
adjuvant  were  given  at  3,  6.  9.  and  18  weeks  alter  the  initial 
inoculation  A  New  Zealand  White  rabbit  was  inoculated  with 
complete  Freund's  adjuvant  containing  100  pg  of  recombinant 
p24  protein  (provided  by  American  Biotechnology  through  the 
Nil!  AIDS  Research  and  Reference  Reagent  Program),  and 
100-p.g  booster  doses  were  given  2  and  4  weeks  later. 

Virus  infection.  HIV-1  virus  stocks  were  generated  by 
transfection  of  60T  confluent  10-em-diametci  (’OS-7  plates 
with  10  pg  of  recombinant  proviral  clone  NLHXADA(GG) 
(41)  and  2  pg  of  p('VI  ( tat  expression  vector  (1|)  by  the 
calcium  phosphate  precipitation  method,  followed  5  It  later  by 
10(7  dimethyl  sulfoxide  shock  for  2  min.  The  cells  were  washed 
twice  with  phosphate-buffered  saline  (PBS)  before  refeeding 
with  10  ml  of  fresh  medium.  Culture  supernatants  were 
harvested  after  4H  h  and  filtered  ft). 2-pm -pore-size  Mihipore 
filter).  Five  milliliters  of  culture  supernatant  was  used  to  infect 
5  x  Id7  PBMC's.  Virus  replication  was  monitored  by  determi¬ 
nation  of  reverse  transcriptase  activity  (30).  PBMC's  ( 10)  wee 
labeled  for  20  It  in  2  ml  of  leucine-free  RPMI  1640  medium 
containing  200  pCi  of  [4.5- ! 1 1 1 leucine  and  fractionated  as 
described  below.  Mock-inlected  cultures  were  exposed  to  5  ml 
of  filtered  culture  supernatants  from  untransfeeted  COS-7 
cells. 

Transfection  and  radiolabeling  e-f  COS-7  cells.  COS-7  cells 
were  grown  lo  600  confluence  on  10-cni-diameter  culture 
dishes  and  iianslccicd  with  15  pg  ol  pSR-VPKs  oi  pSR-\  PRa 
In  lipoleciion  as  recommeiulcil  in  (iIBCO.  Briellv.  15  pi  ol 
l.ipoleclin  (GIBCO)  was  mixed  with  3  ml  ol  Opli-MI  M  I 
reduced-serum  medium  (GIBCO).  and  then  15  pg  ol  DNA 
was  added.  The  mixture  was  allowed  to  incubate  at  room 
temperature  for  10  min  before  addition  of  the  cells,  l  ortv  -eight 
hours  after  transfection,  the  cells  were  labeled  with  4  ml  o| 
lend  lie  -free  DM  I  M  containing  lot)  pit  i  of  [4.5-  'll  [lent  me  per 
ml  for  40  h. 

Infection-transfection  protocol  for  the  vaccinia  virus  expres¬ 
sion  system.  BSC  TO  cells  were  grown  lo  90',  continence  on 
1 0-eni  diameter  plalcs.  inleeled  loi  1  li  al  5~  (  wild  \  II  7  5 
(  12.  56)  a  I  a  in  n  It  i  pi  leit  \  ol  in  I  eel  ion  <  >1  10.  and  iranslecled  w  nit 
p  I  M  veclois  bv  l lie  lipoleclm  liansleelion  meiliod  I  om  boms 
alter  translccllnn.  the  cells  weic  labeled  lor  20  h  with  5  ml  ol 
leucine -  live  DM  I  M  o  ml;  lining  100  p  (  i  of  1 4.5  1 1 1  leucine  pci 
ml 

Siiltcelliilar  fractionation,  labeled  cells  weic  ti.iclnm.ilcd 
into  mcmbiaiK  .  cvtosolic.  posinnclcar.  and  nuclear  liaclions  as 
previousK  described  (25),  willi  minoi  moditicalions  Nuclei 
were  lurthcr  Iraclionaled  into  iiiiclcoplasin.  cliiom.iliu  exn.ici. 
and  micleai  m.iliix  as  described  bv  Slaiilcibicl  and  Dcppcil 
(  '  )  (  ells  were  washed  with  icc-ci >ld  PBS  and  sci aped  ill  PBS 


I  lie  cell  pellet  volume  was  measured  and  resuspended  in  10 
volumes  of  Dounce  butler  ( 10  mM  Tris-HCI  [pH  7.5],  1.5  m.M 
MgCL.  10  mM  KCI,  0.2  mM  phenvlmetlnlsulfonvl  fluoride 
|PMSF|.  0.5  mM  dithiolhreilol).  The  cells  were  allowed  to 
swell  on  ice  for  10  min  before  disruption  with  20  to  25  strokes 
of  a  Dounce  hontogeni/er.  A  small  aliquot  was  saved  anil 
mixed  with  an  equal  volume  of  0.4 G  (wt'vol)  trypan  blue  in 
PBS  to  examine  cell  disruption  under  phase  microscope. 
Dounce  homogenization  was  continued  until  >99T  cells  were 
disrupted.  The  homogenate  was  centrifuged  at  1.500  rpm  for 
10  min  in  a  Beckman  GS-6  rotor  lo  generate  the  supernatant 
containing  both  the  membrane  and  cvtosolic  fractions  and  the 
nuclear  pellet. 

The  nuclear  pellet  was  subsequently  extracted  by  four  steps. 
First,  the  nuclear  pellet  was  resuspended  in  hu Her  A  (  10  mM 
A/-2-hvdroxvclhvlpiperazine-/V,-2-cthanesulfonie  acid  [HLPFS- 
KOH;  pi  I  7.4  j.  0.25  M  sucrose.  0.2  m.M  PMSF.  0.5  mM 
dithiolhreilol)  supplemented  with  0. 1  T  ( vol  vol)  Triton  X- 100 
and  then  incubated  for  15  min  on  ice.  I  he  nuclei  were  pelleted 
at  1.500  rpm  for  10  min,  and  the  supernatant  was  designated 
the  postnueleai  wash  fraction.  Second,  the  pellet  was  resus¬ 
pended  in  buffer  A  supplemented  wit h  0.5' ,  Nouidet  P-40  and 
incubated  for  30  min  on  ice.  T  he  nuclei  were  pelleted  again  at 
1.500  rpm  for  10  min.  and  the  supernatant  was  designated  the 
nucleoplasmic  fraction.  The  latter  procedure  was  repeated 
twice,  and  the  supernatants  were  pooled.  Third,  the  Nouidet 
P-40-extracted  nuclear  peliet  was  subjected  to  DNase  I  diges¬ 
tion  (IT  |voFvol]  Triton  X-100.  1.5  mM  MgCL.  0.2  mM 
PMSF.  and  50  p.g  of  DNase  I  jSigmaj  per  ml  in  PBS)  for  15 
min  at  37(5  T  hen  an  equal  volume  of  4  M  NaCT  was  added, 
and  incubation  was  continued  for  30  min  at  4CC.  The  sample 
was  then  subjected  to  centrifugation  at  2.500  rpm  for  10  min. 
T  he  supernatant  was  designated  the  chromatin  extract,  and  the 
pellet  was  resuspended  in  radioiminunoprccipitntion  assay 
(RIPA)  buffer  (l'7  |vol/vol|  Triton  X-100.  0.5 '7  |wt  vol] 
dcoxycholatc.  0.1(7  |wt/vo!|  sodium  dodccyl  sulfate  |SDS|.  and 
0.2  in M  PMSF  in  PBS)  for  30  min  on  ice.  The  insoluble  portion 
was  removed  by  centrifugation  at  1.000  rpm  for  15  min.  T  he 
supernatant  was  designated  the  nuclear  matrix.  T  he  purity  of 
the  nuclei  was  examined  by  using  a  control  cvtosolic  protein. 
(T-galaetosidase.  expressed  in  ihc  same  cells  b\  liansleelion  ol 
a  cDNA  expression  clone.  More  than  9, ST  ol  the  (Vgalaetosi- 
dase  activity  was  found  in  the  cvtosol.  as  measured  by  en/v  - 
ni.it  is  assav.  ( >n  lx  ITT  ol  i  lie  |)-galaclosidasc  aeliviiv  was 
ileieeted  in  the  posimielear  wash  fraction.  No  detectable 
activity  was  found  in  the  ptirilied  nuclei. 

For  the  membrane  and  cvtosolic  Iraclions.  the  salt  eoneen- 
tration  was  adjusted  to  0. 15  M  Nat  '1  and  then  the  pteparations 
were  traction. ited  bv  ullraeenli ilugalion  a!  Hill. 000  ■  g  loi  50 
min.  The  supernatant  was  designated  the  cvtosolic  traction. 
1  he  pellet  was  washed  with  I  M  Nat  Tin  PBS  loi  50  min  on  ice. 
and  tiltraeenlrilugalioii  was  tepealed.  I  lie  supernatant  was 
designated  the  membrane  wash  traction,  and  the  membrane 
pellet  was  lesuspended  m  RIPA  hnllci. 

liiimiinii|ireci|iitaliiiM.  I  qinvulciil  piopoitions  (volume  vol¬ 
ume)  ol  each  ol  the  suhccMiil.n  liaclions  wcie  pieeipilated 
overnight  with  HIT  1 1 ichlori sicelic  acid  al  4  t  .  I  lie  resulting 
pellets  weie  washed  ill  TIT  ethanol,  solubilized  ill  sample 
bull'd  (II  125  M  Ins  IK  I  [pi  I  6.8 1.  20T  L'l\>.  col.  |0'  ,  [vol  vol  | 

nn  1 1  a | - i <  h  I  liauol.  IT  |  vv  I  \  ol  ]  SI  )S ).  \n  aliqliol  vv  as  I.ikcil 
loi  m  i  n  t  i )  1. 1 1  it  in  c  •  'I  I  li  1 1 II !  •  lo  t  Is'  1  s'  I  ill  i  Ik  I  s  ■  I .  i !  I  \  s  labeled  piokin 
sx nils  : 1 1 

1  quivalenl  pioporlions  (volunu  volume)  ol  each  ol  Ills 
siibcsTlul.il  liaclions  vveie  ,id|usied  lo  son  |i  I  ol  RIP  \  In i lie 
linniliuopu  s  qiil.ll  ion  was  pdloimcd  bv  llu  addition  to  "I  II '  nl 
ol  each  Iradioii  '  |il  ol  anil  Vpi  .mhseium  oi  | ■  I  ol  anil  ( iae 
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antiserum.  Incubation  was  continued  overnight  at  4T.  Twenty 
inieroliters  of  protein  A-Sepharose  beads  (50'/  (vol/volj  i n 
PBS)  was  added,  and  the  mixture  was  incubated  for  120  min  at 
4°C.  Immunoprecipitates  were  collected  at  500  x  g  for  5  min 
at  room  temperature  and  washed  three  times  with  RIPA 
butler.  The  beads  were  resuspended  in  30  pi  of  sample  bullet. 
Samples  were  treated  at  I00°C  for  10  min  before  SDS-12'7 
polvacrylamide  gel  electrophoresis  (PAG!:),  fixation  for  30 
min  in  250  isopropanol- 1 1)0  acetic  acid,  treatment  with 
Amplify  (Amersham),  and  autoradiography  were  performed. 
Band  intensities  were  determined  by  densitometry. 

Immunofluorescence.  BSC '40  cells  (I01)  were  plated  on 
eight-well  Lab-  lck  chamber  slides  overnight.  The  cells  were 
infected  with  vTI;7-3  and  transfected  as  described  above.  T  he 
cells  were  lixed  with  2.50  (wt/vol)  glularaldehvde  for  15  min 
and  permcabilized  with  ().2'7  (vol/vol)  Triton  X-100  for  0  min 
at  room  temperature.  I  he  cells  were  then  blocked  for  nonspe¬ 
cific  binding  of  immunoglobulin  by  incubation  for  30  min  with 
PBS  containing  50  (wt/vol)  nonfat  drv  milk  and  0.10  (vol/vol) 
Tween  20.  Slides  were  then  incubated  with  rabbit  anti-Vpr 
antibody  ( 1 : 100  in  'Tween  bn  Her  |  PBS  with  0.5'  /  'Tween  20  and 
IO  bovine  serum  albumin))  and  mouse  monoclonal  antihis¬ 
tone  antibody  (1:500  in  'Tween  butler:  Chemieon)  for  1  h  at 
room  temperature.  The  cells  were  washed  several  times  with 
0.30  (vol/vol)  Triton  X-IOOin  PBS  and  incubated  at  4 CforbO 
min  with  fluorescein  isothiocyanale  (H  T(')-conjugated  goat 
anti-rabbit  immunoglobulin  G  to  detect  Vpr  and  rhodaminc- 
conjugaled  goat  anti-mouse  immunoglobulin  G  to  detect  his¬ 
tones.  'The  slides  were  washed  extensively  with  PBS  and 
mounted  in  Aqua  mount  solution  (1. enter  Lab)  containing 
2.50  l.4-dia/obieyclo-|2.2,2|-octane  (Sigma)  to  prevent  pho- 
toblcaching  of  the  TITC  signal.  Slide  preparations  were  exam¬ 
ined  on  a  Nikon  fluorescence  microscope  equipped  with 
appropriate  litters  and  a  microflex  UTX  camera  system.  Pho¬ 
tographs  were  prepared  by  using  Kodak  T-MAX  film,  push 
processed  to  ASA  3200. 

Sucrose  gradients.  BSC  40  cells  were  infected,  transfected, 
and  labeled  with  |TI|leucine  ax  described  above.  Cellular 
debris  was  removed  from  the  conditioned  medium  by  centrif¬ 
ugation  at  2.500  rpm  for  15  min  itt  a  Beckman  GS-0  rotor. 
Particles  were  concentrated  by  sedimentation  through  a  2<T, 
sucrose  cushion  prepared  in  PBS  at  2S.000  rpm  for  00  min  at 
4  C  in  an  SW2S.)  rotor.  Particles  were  resuspended  in  200  |>| 
ol  PBS.  lave  red  on  a  linear  20  to  00' ,  sucrose  gradient  m  PBS. 
and  centrifuged  in  an  SVV2N.  I  rotoi  at  20.000  rpm  lot  K>  h  at 
4  C.  Tractions  were  collected  Irom  the  top  ol  the  tube. 
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Localization  of  Vpr  in  1 1 1  \  '-I -infected  I’UMCs.  lo  examine 
the  intracellular  loeali/alton  ol  Vpr.  PBMCs.  a  natural  target 
cell  popnl  at  i<  m.  were  chosen  lor  1 1 1  \  I  mleetion  1 1 1  \  I  si  jam 
M  1  l\  AI ) At  < i(  i )  was  chosen  since  it  encodes  a  limeltonal 
•'(l  amino-aeid  lot  in  o|  Vpr  identical  in  ammo  acid  sequence  n> 
that  encoded  In  \|  4-3  (2~.  2't.  42t  Nine  davs  altet  mleetion. 
the  cells  weie  labeled  lot  20  ll  with  [  ll|leneiiu.  Ivsed  In 
I  Jounce  bomogem/alion.  and  then  Oactionated  into  nueleat. 
evlosolie.  and  niembi.me  tractions  In  dillelenti.il  eeiilnluea- 
I h >n  I  aeli  li.ielion  was  imnumopici  ipitatcd  with  a  polveloiial 
rabbit  anti  Apt  antiserum  and  suh|cikd  toSDS  -I’AGI  (lie 
I  I  \  V  pi  speei  lie  pi  ole  ill  ol  II  kl  l.i  was  delected  in  M  1 1  \ 
\l  4  \((  if  i  i-mlcctcd  cells  and  conditioned  medium  but  not  in 
moek-inleeted  vultures.  I  his  protein  was  not  mimunopieeipi 
talcd  with  a  louliol  antiserum  obtained  tiom  the  ptebleed 
sen  i  ill  ol  the  same  rabbit  pilot  to  moeu  Lit  ion  with  the  s\  tithe 4  u 
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I  l(i.  1.  Localization  in  PBMCs  ol  Vpr  expressed  Irom  infectious 
urns.  I’UMCs  were  infected  lor  0  days  with  1 1 1 V  - 1  strain  NI.II.X 
AI)A(CiCi)  or  were  mock  inlecled.  'The  cells  were  labeled  with 
|  ll|leueiiie.  tile  medium  was  harvested  (S>.  and  the  cells  were 
fractionated  into  nuclear  (N).  cytosolic  (C).  and  membrane  (Ml 
tractions  as  described  in  Materials  and  Methods,  equivalent  portions 
of  each  traction  were  ininmnopreeipit  ilcd  with  the  anti-Vpr  antiserum 
anti  annlv/etl  l>\  SI)S-I’A( if..  Molecular  mass  markers  are  shown  at 
the  left  in  kilodaltons. 


Vpr  used  for  production  of  the  anti-Vpr  antiserum  (not 
shown). 

Hie  majority  of  Vpr  was  found  in  the  culture  supernatant, 
consistent  with  previous  reports  that  Vpr  is  virion  associated 
(h.  45).  Intracellular  Vpr  was  found  in  both  nuclear  (2(i '  < )  and 
membrane  (20'  < )  fractions.  Vpr  in  the  nuclear  fraction  was  not 
due  to  contamination  with  unbroken  cells,  which  made  up 
<IG  of  the  total  cell  population  used  in  the  fractionation 
experiments.  Less  than  4'7  of  the  Vpr  was  found  in  the 
cytosolic  fraction.  Approximately  50r,  of  the  labeled  Vpr  was 
found  in  the  conditioned  medium. 

■expression  and  localization  of  Vpr  in  mammalian  cells.  To 
study  the  cellular  localization  of  Vpr  without  the  effect  ol  other 
I II  V-l  components,  the  NLHXADA(GG)  vpr  gene  was  cloned 
into  a  simian  virus  40  (SV4(l)-based  vector  system.  pSRalpha. 
in  both  the  correct  (pSR-VPRs)  and  incorrect  or  antisense 
(pSR-VPRa)  orientations  (Tig.  2A).  The  expression  plasmid 
contains  both  the  SV40  early  enhancer  (S\4tl-ori)  and  a 
human  I  -cel I  leukemia  virus  type  I  (11  Tl.V-i)  promoter  with  R 
and  1)5  elements  ot  the  H  TI.V-I  long  terminal  repeat.  This 
expression  plasmid  has  previously  been  repotted  to  achieve 
high  levels  ol  expression  of  a  numbci  ol  dillercnl  Ivmphokinc 
cDNAx  m  a  variety  ol  cell  Ivpcs  (3<S)  and  to  facilitate  the 
expression  ol  HIV  2  i/>\  in  (  OS-1  cells  (21). 

pSR-VI’Rs  and  pSR-VI’Ra  were  transfected  into  COS-7 
cells,  and  the  cells  were  labeled  with  |  1 1  |leueine  and  separated 
into  membt.me.  membrane  wash,  cytosolic,  and  nueleat  fac¬ 
tions.  Membiaiies  looselv  associated  with  nuclei  weie  removed 
bv  a  wash  with  0.1',  1 1 non  X-100  and  were  designated  the 
posinueleai  wash  Soluble  ntieleoplasmie  proteins  were  ex 
Oaeleil  vviili  two  successive  washes  m  0.5' <  Noitwlel  T  40. 
winch  pel  meabili/es  the  nuclear  membrane  |2|  I  Ills  method 
has  pievionslv  been  dcmonxtiulcd  to  preserve  >  >v  e  t  a  1 1  nueletit 
aiul  nucleolar  aieluteeoue  (33)  I  lie  chiomalm  1 1 act i< >n  was 
obtained  bv  digestion  ol  the  icsull.uit  insoluble  nueleat  Oac 
lion  with  DNase  I  and  bv  a  subsequent  wash  m  a  Inch  sail 
butler  This  liaetmii  soul. lined  all  ol  the  major  histone  piolcmx 
found  m  intact  nuclei  (not  shownl.  I  he  salt  and  detcigcnl 
insoluble  0 act i> >n  was  pelleted  to  yield  the  nuele.it  in. mix 
li.ielion.  uIik.Ii  vvus  solubilized  in  RIl’A  bullei 

I  lie  pal  t i 1 1< >i l  ol  \  pi  dm  me  traction. ilion  was  exammed  bv 
miinunopieeipilaOoii  wuh  the  anti  A  pi  antiboilv .  SI  >S -I’  \(  >1  . 
aiul  deiisiioiiiel  i  ic  > | u. i n lil.il ion  1 1  in  2B 1  I  he  diiomalin  0  .u 
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I ■  I ( i .  2.  I.oculizalinn  in  ('OS-7  cells  til  Vpr  expressed  Irom  pSR. 
(A)  Vpi  sense  (pSKA  I’Ks)  anil  antisense  (pSR-VI’Ra)  expression 
plasmids,  xvliieli  ineluile  a  transeriptiunal  cnlianeer  (SV4l)-i>ri).  a 
transcriptional  promoter  (Hil.V-l  long  terminal  repeat  |R  U5|).  and 
a  poKadenyltilion  insertion  sequence  (polyA-ins).  (B)  Suhcellular 
Iractionatton  ol  Vpr  expressed  in  transfected  and  [  I  l|leuctne-l;theled 
COS-7  cells  from  pSV-VI’Rs  (S)  and  pSR-VI’Ra  (A)  in  postnuelear 
wash  (PNW).  nucleoplasm  (NUCLI’L).  chromatin  (CUR),  nuclear 
matt  is  (MAT),  cytosol  (CYT).  membrane  wash  (MW),  and  mem¬ 
branes  (MLM).  Equivalent  amounts  of  each  fraction  were  immuno- 
precipitated  with  the  anti-Vpr  antiserum  and  analyzed  by  SDS-I’ACIF 
The  electrophoretic  position  of  Vpr  is  shown  by  tin  arrow  at  the  right. 


tion  included  170  of  the  intracellular  labeled  proteins  and 
440  of  the  total  Vpr.  The  nuclear  matrix  included  I O  of  the 
intracellular  labeled  proteins  and  5(>0  of  the  total  Vpr.  Less 
than  IO  of  the  total  Vpr  was  found  in  the  other  cellular 
fractions. 

Truncation  of  the  C  terminus  of  Vpr  impairs  nuclear 
localization.  Most  nuclear  localization  signals  consist  of  a  short 
stretch  of  positively  charged  amino  acids  (15).  Interestingly, 
the  C  terminus  of  Vpr  contains  a  high  proportion  of  positively 
charged  amino  acids,  including  7  arginine  residues  among  the 
('-terminal  20  amino  acids  I Tig.  3A).  To  characterize  the  title 
of  this  ('-terminal  sequence,  a  vaccinia  virus  expression  system 
was  used  to  achieve  high-level  anil  rapid  expression  ol  Vpr. 
The  NT  .1  IXAI)A(( i( i )  r/v  gene  was  cloned  into  pTM3.  a 
plasmid  utilizing  a  T7  promoter  for  heterologous  gene  expres¬ 
sion.  This  plasmid  was  designated  pTM-VI’R.  A  carhoxvT- 
tcrmmal  trtineation  mutant  ol  p  i  M-VI’R.  pT  M-CKST.  was 
constructed  In  liamcshiti  mutation  at  the  N»/l  site.  A  recom¬ 
binant  vaccinia  virus.  vTT  7-3.  which  enemies  T7  RNA  poly¬ 
merase  was  used  for  expression  in  mammalian  cells. 

Iib(  40  cells  were  mleeteil  with  v  1 1  7-3  and  liuiislccted  vv nil 
pl\l  YI’R  or  pTM-C'KNI.  Cells  were  labeled  with  |TI)lcu 
cine,  cell  supernatants  vveie  harvested,  and  disnipleil  cells  were 
liaetionateil  into  niembraiie.  membiane  wash,  cytosolic,  and 
postnuelear  wash  I  ructions  .mil  s.iiious  miiTcai  Iraitioils  ( mi  - 
clcopl.ixinic  pioteins.  ehroin.iOii.  and  nuclear  matrix).  I  qun.i- 
lent  amounts  < 0  each  Oaelion  vveie  mmumopiveipilateil  with 
Ok  anti  \  pi  antiserum  and  aiiaLzi  d  In  NI)N  I’ At  0  1 1  ic.  3B). 
aru!  hand  intensities  vveie  qu.iiiUlalcd  bv  lasei  ilciixilomctiv 
(lie.  3C).  The  pieilouun.ini  \  pr  product  expiesseil  Oom 
pi  M  \  |’R  had  ail  elect  topln  u  el  n  mobility  ol  a  I  l  hi  )a  pro 
tcin  with  a  mmoi  band  with  a  mobiliiv  ol  a  I  4 Ts I ).i  protein. 
Vpi  evpresseil  liom  (i  I  \l  (  RSI  elei  I  inphoreseil  as  a  17  k  I ).  i 


protein,  consistent  with  the  removal  of  17  amino  acids  from  the 
carhoxvl  terminus. 

Eighty-four  percent  ol  p  TM-YT’R-cxprcssed  Vpr  was  found 
in  nuclear  fractions,  primarily  the  nuclear  matrix  and  chroma¬ 
tin  fractions  (lag.  3B  jlell]  and  (').  T  his  result  is  in  agreement 
with  the  fractionation  data  with  pSR-VT’R-expressed  Vpr  (Fig. 
2).  Eight  percent  of  pTM-VPR-cxprcssed  Vpr  was  tightly 
associated  with  the  membrane  fraction  (Fig.  3U  and  MEM). 
The  possible  discrepancy  in  the  amount  of  membrane  associ¬ 
ation  of  Vpr  expressed  with  the  vaccinia  virus  expression 
system  compared  with  the  data  obtained  with  pSR-VPR  (Eig. 
2)  may  he  related  to  the  significantly  higher  level  of  expression 
of  Vpr  with  the  vaccinia  virus  expression  svsteni  than  with  the 
SV40  plasmid  expression  system.  Only  4'  i  of  Vpr  was  found  in 
the  cytosol  (l  ig.  3B  and  (’,  CYT).  and  no  detectable  Vpr  was 
released  from  cells  into  the  cell  supernatant. 

Deletion  of  the  arginine-rich  C  terminus  of  Vpr  resulted  in 
a  dramatic  shift  of  Vpr  cellular  localization  ( Eig.  3B  [right]  and 
C).  Only  25 rr  of  the  truncated  Vpr  was  retained  in  the  nuclear 
fraction.  Furthermore,  the  distribution  in  nuclear  fractions  of 
pTM-CRST  product  was  distinctly  d  i  He  re  n  t  from  that  of 
pTM-VPR.  with  the  majority  of  the  truncated  protein  in  the 
nucleoplasm.  Twenty-four  percent  of  the  pTM-CRST  protein 
was  in  the  postnuelear  wash,  compared  with  3'  '<  of  the 
pT  M-VPR  product.  Thirty-eight  percent  of  the  mutant  Vpr 
wtis  found  in  the  evtosol.  compared  with  4'V  of  the  parental 
Vpr.  Similar  amounts  of  pTM-CRST  and  pTM-VPR  products 
were  bound  to  membranes. 

Indirect  immunofluorescence  localization  of  Vpr.  Suhcellu- 
lar  fractionation  experiments  indicated  predominant  localiza¬ 
tion  of  Vpr  in  the  nucleus.  To  confirm  these  results,  indirect 
immunofluorescence  was  performed  with  fixed  cells.  BSC40 
cells  were  infected  with  vTF7-3  and  then  transfected  with 
pTM-VPR  or  pTM.  Vpr  was  detected  by  anti-Vpr  rabbit 
antibody  and  visualized  with  FITC-conjugated  anti-rabbit  an¬ 
tibody.  Intense  immunofluorescence  was  observed  in  the  ma¬ 
jority  of  cells  transfected  with  pTM-VPR  (Eig.  4A.  left),  but  no 
fluorescence  was  observed  in  cells  transfected  with  the  vector 
pTM  alone  (Fig.  4A.  righl)  or  if  preinimune  serum  was  used 
(not  shown). 

Four  types  of  staining  patterns  were  observed  in  lour 
independent  experiments  in  which  5(1  cells  were  randomly 
selected  and  enumerated.  Sixtv-two  percent  of  the  cells  showed 
a  diffuse  nneleai  and  focal  perinuclear  staining  pattern  (Fig. 
4B.  middle).  The  nucleus  is  visualized  by  phase-contrast  mi¬ 
croscopy  (  Fig.  4B.  left)  and  mouse  antihislone  and  rhoduniinc- 
conjugaled  anti-mouse  antibody  (lag.  4B.  right).  Twenty-seven 
percent  of  the  cells  showed  local  perinuclear  staining  only.  Six 
percent  of  the  cells  hail  diffuse  perinuclear  staining  with 
intense  immunofluorescence  surrounding  the  nucleus.  Four 
percent  ol  the  cells  showed  onlv  dilluse  nuclear  staining. 

Influence  of  (big  protein  on  Vpr  export  and  virion  incorpo¬ 
ration.  In  MINI  -inlcctcd  cells.  Vpr  was  loutid  to  lie  exported 
into  the  medium  in  vims  particles  (I  ig  I)  (b.  4s).  though  no 
expoit  was  loinul  when  Vpi  was  expiesseil  in  the  absence  ot 
olhci  virion  components  ( |  ip  4).  |,,  assess  the  rci|uircniculs 
lor  export.  Vpr  was  eoexpresseil  with  the  IIIN-I  (lag  p55 
preeursoi  protein  bv  using  plasmid  pINI-tiACi  BSC  4<!  cells 
were  mleeteil  with  v  I  I  7-3  and  ti.msleeled  with  p  1  M  Vl’R 
alone,  p  IM  ( I  AC  i  alone,  m  both  plasmids  No  dilleienees  were 
noted  in  the  elect toplioi el le  niobtlitv  ot  quantity  ot  the  14  kl  )a 
pioduel  in  the  eel  I  lv  sates  with  p  1  \  1  \  I’R  expressed  ill  the 
piesenee  ot  absence  ot  pi  NFC  i.\(  I  (I  ig.  5A.  I  e  1 1  > .  I  lie  p  I'M 
(  i AC  r  product  was  pimiunh  a  w  kDa  piotein.  with  stnallet 
amounts  ol  1 3  and  4  I  hi  )a  pioduels.  I  he  lallet  pioleiils  vveie 
huind  tn  be  (  iac  pioleiils.  sime  tlu  v  did  not  react  with  a 
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1,11  •lisliibulion  i.t  vaccinia  viius-expicsscd  parental  Vpi  and  earliest  I -terminal  ttmicnlion  nuilanl  CRM  m  HSC1U  cells  (,\) 
Sdicm.me  draw nm  ..I  Hie  Vpr  protein,  indicating  the  earliowl-ierniin.il  aimnuie-rieli  sequence  ol  Hie  wild  Ispe  (W  I  )  and  of  Hie  truncation  umlaut 
(  KS  I  I  Hi  V  pt  expressed  In  mi  p  I  Me  in  v  I  l-7-Cmleeterl  cells.  Veils  were  labeled  vx.tl,  |  !  I|let.enie  and  1 1  act  n  male  el  into  postmielear  wash  ,  |>N\\ 
nm leoplasm  (Nl  C  I  PI  ).  chromatin  ((  UK),  nneleai  matrix  (MM  cytosol  (CAT).  niembrane  wash  (MW),  membranes  (Ml  M)  and  ccllnlai 
supernatant  (SI  II’)-  Molecular  mass  markets  are  shown  at  the  left  in  kilodaltoiis  ((  )  Pmpoition  ol  VPR  in  each  snbeellnl.it  act  ton  as  deiemimeH 
lw  Inset  densitonielrx  Irom  pIM  M’K  (solid  bats)  oi  pIM  (  RSI  thalelied  bars)  -nansleeled  cells 


pi eiiiiiiiiine  scrum  or  tile  uim-Vpr  anliboilv  (not  shown) 

I  liv'se  smaller  proteins  max  icpiescnl  nonspeetlie  cleavage 
pn uli let s.  products  from  initiation  at  a  downstream  Al  (, 
s'odon.  or  premature  translational  termination.  No  ctlecls  on 
(  niL'  protein  expression  were  noted  with  coexptesston  ol  \  pi 
I  xptession  ol  pl.M-VI’K  alone  did  not  result  in  export  in 
t  lie  eel  I  supernatant  ( I  ip.  \A.  right ).  Ixprcssion  ol  pi  \1( ;  \( , 
resulted  in  the  M  kl)n  produel  in  the  eell  supernal. nit  <  oe\ 
presston  ol  p  I  M  <  i  AC .  with  pi  \t  Vf;f<  promoted  the  expoit 
ol  V  pr  into  the  eell  supernatant. 

lo  determine  whether  tile  xit.il  ptoteins  released  into  the 
e  i'll  supernatant  were  associated  with  particles,  suciosc  eta.lt 
ent  anahsjs  was  |ieilonued  (I  ip  li).  I’attieles  wete  Ills!  eon 


cent  t  ,i  t  eel  Irom  the  eell  supetualaiit  samples  In  eentiHupalion 
t In » mull  a  AIM  sucrose  cushion.  I  he  resultant  paniculate 
mulct  tal  was  resuspended  and  anak/cd  on  a  lineal  20  lo  (it I'  , 
sucrose  gradient.  I  aeh  traction  was  eoneentiatei!  with  In', 
utehloroaeelu  acid  and  analx/ed  In  SDS-l’AC.l  .  No  particle 
associated  protein  was  lound  I  torn  cells  tr.iuslcclcd  with 
pi  MARK  alone  (lip  (v\|  I  xptession  ol  p  I  M  ( 1  \( .  alone 
tesuhed  m  particle-associated  ( .up  protein  handinp  in  Iraetions 
10  and  I  I.  al  a  density  ol  I  In  to  1.17  p  ml  <1  ig  t.M),  I  xptession 
ol  p  I  \t  ( .AC  i  together  with  |i  I  M  V  TK  resulted  In  eosedimen 
bd  n  ’ll  o|  both  V  pi  and  ( iup  in  1 1  act  ions  1  I  and  I  2.  al  a  detistlx 
ol  I  I  ii  to  I  p  ;;  ml  ( |  m  (,('). 

\  pt  pack. teuip  was  also  assessed  with  a  done  cxptcssine  a 
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III V- 1  Vpr  LOCALIZATION  IN  <  I  LLS  AND  VIRIONS 
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A) 


anti- VPR 


pTM-VPR 
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TKi.  4.  Immunofluorescence  localization  of  Vpr  in  IISC'40  cells.  (A)  pTM-VI’R  (loll)-  or  pTM  ( right (-transfected  vTI  7-3  infected  colls  were 
incubated  so i t It  the  anli-Vpr  antiserum  and  an  I  I TC'-oonjujiatod  goal  anti-rabbit  immunoglobulin.  Magnification,  x  1S.S.  (H)  Higher  magnification 
(  ■  752)  by  phase-contrast  microscopy  (left)  and  fluorescence  microscopy  (middle  and  right)  ol  a  representative  cell  incubated  with  anli-Vpr 
antiserum  and  I  IT( '-conjugated  goal  anti-rabbit  immunoglobulin  (middle:  filter  with  excitation  range  of  451)  to  49(1  nm  and  emission  range  of  52(1 
to  5w l  nm)  and  anlihistone  antiserum  and  rhoda mine -conjugated  goat  anti-mouse  immunoglobulin  (right:  filter  with  excitation  range  of  51(1  to  5MI 
nm  and  emission  range  of  >590  nm).  Diffuse  nuclear  (thin  arrow)  and  focal  perinuclear  staining  (thick  arrow  )  are  indicated  in  the  middle  panel. 


truncated  form  of  the  G..g  precursor  protein.  pTM-GAG(p4l ). 
in  which  till  of  the  amino  acids  following  (he  first  C'ys-llis  box 
of  NC'  as  well  as  the  C-terminal  pb  coding  sequence  were 
removed.  This  construct  has  been  shown  to  produce  virus-like 
particles  in  the  vaccinia  virus  infection-transfection  system  in  a 
manner  similar  to  that  of  pTM-GAG  (not  shown)  When 
coexpressed  with  pTM-VPR.  p4l  appeared  in  the  supernatant 
but  did  not  result  in  the  export  of  Vpr  from  the  cells  { Tig.  513). 
The  failure  to  detect  Vpr  in  the  cell  supernatant  was  due  to  the 
absence  ol  Vpr  export  rather  than  to  the  lower  quantity  ol  p4 1 
( lag  particles  produced,  since  no  Vpr  was  delected,  even  alter 
overexposure  of  the  autoradiogram  shown  in  Tig.  513.  In 
contrast,  in  the  same  experiment,  production  ol  p55  I  tom 
pTM-GAG  resulted  in  significant  export  ol  Vpr. 

I)IS(  1  SSION 

l  ocalization  of  Vpr  in  the  lindens.  In  this  siiu.lv.  we  used 
three  different  expression  s\ stems  to  provide  evidence  toi  the 
localization  ol  a  significant  ptoporlion  ol  Vpr  in  the  nucleus,  as 
demonstrated  In  stibeelltil.il  Iraciionaiion  techniques.  In  1 1 1  \  - 
1  -inlecled  I’lfVK  s.  2bG  o|  the  expresseil  Vpt  was  I  on  ml  m  the 
nucleus  (f  ig.  I|.  In  conn. ist.  when  V  pi  was  expressed  in  the 
absence  of  other  viral  components  bv  using  an  S\  4(1  expression 
plasmid,  almost  all  ol  tile  protein  was  lomid  m  the  lindens 
(lag  2  I  Similar  results  weie  obtained  with  the  vaccinia  vims 
expiession  system,  i it  which  ease  MG  ol  the  Vpi  was  tound  in 
I  he  nucleus  (Tie  5).  Results  o|  the  indirect  imimmolluoies- 
eenee  experiments  suppoit  the  icsulls  obtained  bv  using  siib- 
eellulai  liactionation  teelimqties.  unhealing  nuele.u  staining  in 
(ibG  o|  \  pi  expussing  cells  tl  ig  I.  see  Results). 

further  fractionation  ol  llte  isolated  nuclei  piovules  advli- 
tional  evidence  lor  Vpi  lovalizalion  in  the  nucleus  rathei  than 


in  membranes  loosely  associated  with  the  nuclear  membranes. 
These  experiments  identified  the  predominant  association  of 
Vpr  with  the  chromatin  and  nuclear  matrix  fractions  (fig.  2 
and  .3).  The  association  of  Vpr  with  the  nuclear  matrix  is 
unlikely  to  be  spurious,  since  ii  is  resistant  to  Nonidet  P-40. 
DNase,  and  high-salt  extraction  procedures.  Although  the  role 
of  the  nuclear  matrix  in  transcriptional  regulation  is  unclear, 
several  studies  have  indicated  that  it  may  play  an  important 
role.  The  nuclear  matrix  has  been  reported  to  have  a  role  in 
mRNA  transcription  and  processing  via  its  involvement  in 
attachment  and  or  association  with  new  lv  transcribed  mRNA 
(2ll).  ribonueleoprotein  particles  (II).  and  prc-mRNA  splicing 
machinery  (3b.  4b).  Several  gene  products,  characterized  for 
their  ability  to  promote  oncogenic  transformation,  are  also 
associated  with  the  uucleai  matrix.  These  include  the  large  I 
antigen  ol  polvomax irus  (4).  /me  gene  products  ('•).  the 
adenox  irus  TIN  protein  (  10).  and  the  fax  pi  olein  ol  1111  \  I 
(45).  I  he  piesenee  ol  \  pr  in  the  nuclear  matrix  mielit  indicate 
a  role  in  lr,m\  activation  ol  vii.d  gene  expiession  oi  RN A 
pioccssing  |  ins  i s  eoiisistenl  with  a  report  by  I  oilen  and 
colleagues  suggested  that  Vpi  inav  solve  .is  a //<//;\  aelivatoi  ol 
MINI  gene  expiession  as  well  as  a  lhtn\  aeln.iloi  ot  othei 
genes  ( 7 ).  Ihnvevei.  the  mechanism  ot  this  etleel  and  its 
iclev.inee  to  Vpt  action  dining  vnus  icpliealion  lemam  nn 
clear,  \llvi  natively .  Vpi  assoeialion  with  the  nuele.u  ni.ilnx 
in. iv  alleet  liosi  cell  gene  expiession  I  his  view  is  consistent 
vvi'h  a  recent  rcpoil  that  \  pi  uuluevs  muscle  cell  dilloicnlia 
tion  (24) 

I  hough  Vpi  lacks  a  classical  nuclcai  localization  signal  I  15). 
the  earbowl  terminal  poition  ol  the  pioiein  is  lull  in  b.isu 
ammo  acids  \  I  runout  ion  nun  a  l  ion  which  remov  es  the  eai  box  ■ 
vl  tciniinul  I  9  ammo  acids  Was  lomul  to  mip.iii  \  p!  ku. ill,  , i 
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I ■  I C i .  5.  Inlluence  of  (lap  expression  on  Vpr  loeali/ation.  (A)  HSC  41 )  cells  I  10")  were  mown  on  Ml-mm-tliameler  pi, lies  overnight  and  then 
infected  with  v'l'I-7-3  anil  Iransleeleil  with  7.5  pp  ol  pTM-Vf’K  (VI'K)  anif-oi  7.5  |Lp  of  p7  M-fiAf  >  <(i  A(i).  I  he  negative  control  cell -  were 
transfected  with  1 5  pp  ol  p  I'M  vector  The  cells  were  laheleil  with  100  p(  i  ol  |  1 1 ] leucine  per  nil  for  10  It.  scraped  in  I’BS.  and  resuspended  in 
RII’A  Intller.  The  cell  lysates  and  cell  supernatant  tractions  were  itnnHinoprccipilaled  with  both  the  anlt-Vpr  and  anti-dap  antisera  and  analv/cd 
In  SI  )S-I’A<  il  I  he  electrophoretic  positions  of  (  ml’  and  Vpr  arc  shown  at  tin  let  I  (15)  HSC  40  cells  (0  5  ■  10")  on  55-mni-diameter  plates  wet  e 
inlccted  and  transfected  with  2  pp  of  pTM-\  PR  and  0.  4.  S.  or  I n  ap  ol  p  I  \  1  - ( i  \(  l( p55 )  oi  p  i  \1-( i.\( I(p4 1 ).  as  indicated  at  the  top.  I  lie  cells 
were  labeled  and  analv/ed  as  described  above. 


t it m  in  (lie  nucleus  (l  ip.  3).  furthermore.  the  distribution  ol 
the  small  proportion  of  truncated  Vpr  found  in  the  nucleus  was 
distinctly  dtlleteitl  Itoni  that  ol  lull -lennlli  Vpi,  with  the 
truncated  Vpi  locali/ed  ptcdoniinanlh  in  the  nucleoplasm  and 
verv  little  Vpi  in  the  tuicle.it  matrix  or  chiomutin  Iractions.  ft 
is  possible  that  tmncation  ol  the  carboxyl-terminal  ponton  ol 
Vpr  alters  the  eon  lot  ma  lion  ol  the  molecule.  Alter am  lively .  n  is 
possible  that  the  cat  boxy  l-terminal  arpintne-rich  sequence 
serves  as  at  least  pat  l  ol  a  nuc  lear  localization  signal.  I  Ins  view 
is  supported  In  out  prvlimmatv  observations  that  attachment 
ol  the  C  '-tctmmal  I'1  ammo-acid  Vpi  sequence  onto  (Tpalnc- 
losidase  three1  tins  pioteui  to  the  nucleus  i  not  shown). 

I’l'ev  tons  simile^  with  Ivniphoni  cells  had  indicated  an  un 
pot  taut  I  unci  a  ’ll. d  ;  "i,  toi  the  <  let  mm.il  \  pi  septic  rice  1 2"  I. 
1  he  t  clot  v  .  these  1 1  n.  It  in.'s  .uc'  consist  c  nt  with  an  t  ni  pot  tail  t  t  ole 
lot  \  pi  lot  ull/ution  in  the  nucleus  lot  1 1 1 \  I  I cplicat ton. 

Mcmhranc-assoc  iated  \  pr.  I  Iioiil'Ii  v  er  v  It!  lie  \  pi  c<  hi  Id  Iv 
ic ic- n 1 1 1 ic’c I  in  the  ivtosol  a  email  proportion  n.is  laU'Wciilh 
associated  vv till  l lie  membrane  fraction  I  Ins  obseixation  is  in 
aiitccincnl  vcilh  lunhups  ot  Sato  and  c'ollc'.n.’iies  (4-i|.  Ill 
IIIV  1  -infected  ITAK  s.  'll',  ,,|  \  pi  was  found  in  llu  mean 
Inane  lr.it  lion  !  I  ic  I  ).  yy  lie  teas  cm  ill  tire  v  aeeinia  vims  expies 
sum  lonn  of  the  pi";  an.  s',  was  found  m  the  irKnihiane  1 1  ip 
M5  and  (  )  I  11-.  indu  v  c t  nninunofluoi esv  i  n.  expel  intenls  also 
stiprc  -t,  , f  l flat  -■  .  a  \  pi  i-  lound  at  an  , Vi  anueleal  -it,  hut 


closely  associate'll  will)  the  nucleus  (big.  4:  see  Results)  I  he 
laltei  s j i c'  may  tepieseitt  inttacvllnlai  membranes,  possibly 
with  eitliet  the  endoplastnie  lelieulum  ot  Ciolpi  app.ualns. 
I  low  ever,  a  <  iolgt  location  lot  Vpr  is  unlikely,  since  bieteldm  \ 
treatment  did  not  change  \  pt  loeali/ation  (not  shown  t.  I  he 
natiite  and  significance  ol  membrane  loeali/ation  ot  \  l‘R 
requite  futtliei  analysis. 

\  I’K  export  from  cells  and  incorporation  into  virus  pani¬ 
cles.  Several  previous  studies  have  demonstrated  that  I  1 1 \ 
and  SIX  expressed  X  pt  r,  meoi  poi.iteil  into  vtiit'  t'aMicim  Me 
ft.  45  |  I  Ins  1 1  ndi  tic  is  in  .in  tee  me  nt  with  mu  ohs.  nation  that 
Sir.  nt  X  pi  exptessed  in  IIIX  I  mlecled  I’liXH  s  iv  c'\p"Med 
trout  the  veils  (I  ip  I  i  X  pi  expiession  in  the  .iKmivc  o;  otltei 
vn.il  eoniponeitls  lesiilted  in  no  delectable  expo;  :  Mir  -  .  ltd 
s  t  I  lovvev  el .  c  oexpies'ion  with  the  ( i.re  p"  pi  eem  ■:  :  :  ’V nr 
I  c'siilted.  ill  expo!  I  ol  X  I’lv  1 1  oin  llu  1 1  a  lisle ,  lev  I  cell'  I  1  ic  'I 
and  in,,  oi  |'oi  at  ton  into  v  n  ns-like  pat  r  tile  s  1 1  ,m  in  I  bus.  X  pi 
me  o|  i'oi  a  lion  ml  * '  vims  pat  I  iclv's  is  independen;  .  ’ 1  m.ii  ,  me 
lope  llu  oi  pm  at  ion.  I  Ins  IuuIuil’  suurvsts  dial  X  p;  a"isiales 
i  In  c  e  I  Iv  oi  imliieetlv  with  a  poll  ion  ol  the  trap  pi  cent  sot 
ptoKtii  III,  fill, Ini!.1  dial  til,  p-4 1  ttanealiou  her  ,e  ( lap  o 
unable  t”  pa,  k a ”c  X  pi  sm.' Vests  die-  p,  IssibilllX  ”!  U>  lllte  I  :  ion 
Ivtvv  c  a  n  eilh-ei  !  lie  p‘t  nuclcncupsid  pi  o|  cm  oi  tie  i'loh’  .-licit 
pH  pi  ole  m  and  X  1 V I 

\i’  h.  lift’ll  di,  ..■'I’llea'iu  ol  X  pi  i’i.  or pin  at  im  i :  r  ■  :  '■  - 


Vo  i .  <>7.  1 993 


Hl\  I  \  pi  I  ()(  Al  I /.A  MON  IN  (  Ills  AM)  VIRIONS 


fO-4  li 


12  5  4  b  6  /  8  9  10  II  12  IS  H  I'j  16 


1  2  5  4  S  ft  i  6  9  10  11  1  2  1  5  14  IS  16 


1  P  5  4  S  6  /  8  9  10  1112  15  14  1 S  I  6 


I  K  i .  (i.  Sucmsc  gradient  analysis  <>l  particles  released  tioni  BS(  41) 
cell-  transtectei’  v it h  pi  MVPR  (  A).  pTM-GACi  (B).  pi  M-VI’K  and 
p  IM-(  i  M »  {{').  If  act  i  ms  were  pie  ipitalcd  w  ith  HP  /  (cu  vol )  ir  ichlo- 
rnacetic  aeid  and  analyzed  ly  M)SPA(il..  fraction  1  is  from  the 
bottom  and  traction  Ihtrom  the  lop  of  each  gradient.  Molecular  mass 
markers  are  sh.-wn  at  the  let?  in  kiioJatfons. 


is  unclear,  n  is  likely  that  this  protein  plays  an  import. ml  role 
I.:  e.irK  events  in  the  v  tn/s  hte  e\ ,  le.  It  is  tempting  to  speenla’e 
that  the  nuclear  loe.ilt/.m« mi  Jonhon  of  Vpi  allows  taigctmg  o! 
the-  vital  preinteeiafion  complex  lo  the  nucleus  I  intliet  studies 
on  this  nrpoi’.ant  leeulalorv  pinti  m  will  he-  leijmted  to  lullv 
elueulate  fts  role  in  the  lll\  hte  <.  w  le 


Boyle.  W.  M.  A.  t  amper!.  A.  C.  I  i.  and  M.  \.  Bntuda.  P'xy 
Nuclear  e*»mpar tniemadon  o{  the-  v  o.u/>  oncogene  product  Mot. 
Cell  Biol  5: 'N I  ”  '(C  > 

Bryant,  M.  !...  and  I..  Katiur.  1'dn  MynMoylaiion-dependeiu 
replication  and  asseiuhlv  * *1  HIV  !  I'nv  Natl  Aead  Sec  l  S\ 
87:52.Cs;-. 

Buckler-White,  A.  (i.  W  Humphrey,  and  V.  Pigiet.  |nsu 
Association  ol  polvomu  I  antigen  and  DNA  with  the  nuclear 
matrix  Horn  Klically  inlccicd  Mb  cells,  (  ell  22:37- 4b. 
Chakraharti.  I...  M.  (invader.  M.  Ali/on.  Xf.  I).  Daniel.  R.  ('. 
Desrosiers,  P.  f  iollais.  and  P.  Sonigo.  ids*'  Sequence  ot  simian 
imnuinodetiaeney  virus  from  macaque  and  its  relationship  to 
other  human  and  simian  ictrov mises.  Nature  (I  oneioiO  328:545 
547. 

Cohen,  I..  A..  C.  Dehni. (i.  Sodroski. .  «d  W.  A.  Maseltiru*.  1990 
Human  imimmoileticicncv  mi  us  r/»r  product  is  a  vu  ion -associated 
regulator  protein.  I  A'nol  64:’v097  5(in<j 

C  ohen.  1..  A..  I  .  F.  Tervvilligei .  Y.  jalinoos,  J.  Prouiv.  J.  (». 
Sodroski.  and  \\ .  A.  Hasdtine.  |9‘)o,  lelentdieanon  ot  Hl\  I  v  pr 
ptoduci  and  lunetion.  I  Acquited  Immune  Delie  Svudr  3:1  1  Is 
Dedera.  D..  \N.  Mu.  N.  Yander  Hoyden,  and  L.  Ratnor.  I  os*)  \  it.d 
protein  K  o!  human  immunodetieic nev  virus  tvpes  1  and  3  is 
dispensable  toi  replication  eytop. ithogemeitv  m  Kmphoul  cells  t 
Virol.  63:  'Sb  32US 

Fisenman.  R.  V.  (  .  Y.  l  aehihana,  M.  D.  Abrams,  and  S.  K.  Mann. 

IASS  ami  c-mv<  -encoded  proteins  are  assoe'iated  v\nh  the- 

nuelear  matrix  Mol.  C  ell.  Biol.  5:1  14-  I2u. 

Feldman.  L.  i a  rid  J.  R.  Nev  ins.  I9s.v  J  ocuh/.iHon  ol  !h< 
adenovirus  I  1 A  protein,  a  positive-acting  transcription. d  lactoi  m 
miceted  cells  Mol.  Cell.  Biol.  3:S29~N3b 

Fey.  K.  (i..  (i.  Krochmalnic.  and  S.  Penman.  b'\i*  1  he  nonchm- 
matin  subspu.  tures  v>f  the  nucleus:  the  ubimuclcoptotcm  tKNP) 
containing  and  RNP-dcpIctcd  matrices  analy.ed  by  sequential 
fractionation  and  rcsinless  section  election  n  'uoseopv  .1  Cell 
Biol  102:1654-1665. 

Fuerst.  T.  R.,  F.  (i.  Niles,  F.  \V.  St  tidier.  and  B.  Moss.  !9S6. 
hukaryotie  tMiixient -expression  system  based  on  reeombmam 
vaccinia  v  mis  that  svnlhesi/es  bacteriophage  1  ~  RN  A  polv  metase. 
Proc.  Natl  Acad.  Sci.  USA  83:M22  K|  2b 

(iras-Masse,  M..  .).  (  .  Amciscn.  C.  Boutillon.  J.  (  .  (iesquiere.  S. 
Xian.  J.  I..  Neyrinck.  M.  Drobecq.  A.  (  apron,  and  A.  Tartar.  loon. 
A  synthetic  pcptivle  coi responding  to  the  entue  i/*r  gene  piodtie! 
I’rom  the  human  immm.ovIclieieiKv  virus  ill\  1  is  iecogm/evl  b\ 
antibodies  Itom  HIV  mleetcil  patients  lm  .1.  Peptulc  Piotetn  Res 
36:2  P>-  22n. 

(iiiyader.  M..  M.  Fmerman.  P.  Sonigo.  I  .  (  lav el.  I  .  Montagrmr, 
and  M  Mi/on.  ins'7  ( icnome  oi iiant/almn  .md  tr ails. a.  1 1\ alion  ol 
the  hum  ii’  immtmodclu  u.  m\  virus  tvpe  7  Nature-  1 1  on»hm 
326:f.n2  ora. 

Hanover..).  1  I  !u  nm  leal  pou  i|  the  e  lossnud--  I  \Nl  B 

.1  6:;>s  .'fi¬ 
liation.  N..  |  ,  Michaels.  K.  I  argnoli.  I  .  Mareon.  R.  (  .  (.alio,  and 
( i.  I-' random.  |  hs  human  imiimni  uh  Is  ie  ik  \  mi  us  iv  i  v  '  \  r> 

gene  is  4  d  ho  piodii.  1 1\ i  mi.  I i.oi i  o|  human  m.u  lophage-s 

Pf.n  \  \  o!  S,  r  I  S  \  8  7;  sum  I  si  is  ; 

Mi  udersMii.  I.  I  ..  R.  (  .  Smvdcr.  1.  I),  (  opdaml.  R.  /.  Beneviste. 


\( 

KM 

)WI  1 

IX. Ml 

N  1  S 

and  S. 

v  )r.is 

/Ian. 

1  4  1 1  ii  >i 

a, hi  o 

'  a  tioVi 

\V  ! 

1  ■  a ' 

nk  M  , 

•v  \? i  : i  • 

l.o 

ti  1 

1 

■  W, 

■  :  :■  i!  1  ITI 

l-'-tr.  ,■ 

■  \  ' 

•Kl  ;■ 

. '■■■■■  ^  ■ 

s  i  \  !  Ills 

X. 

.  , 

241:  I’1 

^  *d;.  f  i 

ii. 

II:;: 

M: 

j.  ..  1 

t  J.,; 

ijj: 

.  4  .  .  ■■  .  a,,!,  - 

■  1  ' 

( i  -k-. 

K 

...  and 

Ik:  - 

1  M. « 

:•  1  M  i 

-  d 

1 1 

■S'.  ,|  ...  ■ 

1  Ini  Inn  R  .  ! 

IV  'spt 

arm. in.  ami  1 

.  Rat  m  i . 

I  ■ . ;  1 

p'sK.np! 
.md  C. 

ia 

and  ( 

i  ru  •  f  . 

,  f  p  t 

. ,  -  . . ,  • 

'  .  .  II  k  1 

1  h-.  : 

.  . . •  ■  •  •  1  \  p  ■ 

Mu.  VV 

\  \ 

a  ihtci 

i  llrvdcn.  and 

1  .  Ratio 

1. 

\ 

prot-.T 

j | | 

1 1  *; 

.. 

■1  •„  , 

a !  1 1  , ; 

-  j.-:  . • . : i 

'm  .  : 

:  ••  ■  \  i  \  I' 

\  1  Mil 

3  '• 

l 

[ -  r  .  i,  J,  | .  | 

1  W  i '  I  ■ 

:  I' 

,i 

.  II 

C«  •  M  s-.. 

,  ..J 

Ik:  Mil  \il>. 

,  a- 

!•  ,  ■  r-. 

■  i- 

C  p.  „ 

f.Uk-M 

re  D 

V  .  X. 

1  Md  r «  a<b 

add  P. 

K  (  .... 

k 

CM 

IA  \  • 

i  hi- 

■  rk  A.r 

.  1  1 

,, 

[» 

NMD! 

'  Ji  if 

n!- 

r 

•:  .».■■■  sg 

\  : .  .  j 

■  ■■ 

2*>2 

p, ,(  q  i 

a,  .Mj 

1  '  '  \  ' 

!  '  j  "  ‘ 

\ 

i  ■ 

llfi.  ,j 

!  -x  •  •  Vv  .  . . 

K.ip|i. 

v  1  ( 

1  S 

Pai  km.  .1 .  \  ( 

tniv» av .  | 

.  Kmi. 

t 

Bi 

niltlli  tit 

r.  t  r 

1  > 

•  B- 

•  ■  S.  ■■ 

.  .  ;  ;. 

!.  M 

Shan 

and 

B  11  Haim 

'■■■•  I-:" 

t?  •• 

r 

tV 

*  ! 

:  \  PM 

Ri 

II  111 

M  1  - 

1  ang. 

v.  M 

XX  «  , 

get.  (  Maid 

Mi  lting.  < 

1  .  1  HU 

Id 

*.i  b .  < 

,  lions 

\<  V 

a. 

S  K  , 

<  (.On 

s 

»  In 

m  |ih-. 

and 

1  VV 

nllg  M.l.tl 

maim. 

1  Muih«. 

II  M>. lm  IK 

i  im  link. 

M  1  in 

h 

S.  II 

W  hit  l 

\1  XJ  D.hih  t  R  (  Ilf'iiiMMs.  and  B  Ihi  k<  n-li  m 


:  t  f  I  v  Iff*  s  ■:  :■  .  22'*:' 


6550 


LU  I  I  A  l 


J  Vlkoi  . 


immunodeficiency  virus.  J.  Virol.  67:002-012. 

23.  I^ejbkowicz,  F„  C.  Cover,  A.  Darveau,  S.  Neron,  and  R.  Ix-mieux. 

1002.  A  fraction  of  mRNA  5’  cap-binding  protein,  eukaryotic 
initiation  factor  412.  localizes  to  the  nucleus.  Proc.  Natl.  Acael.  Sei 
USA  89:0612-0616. 

24  levy,  I).  N.,  L.  S.  Fernandes,  \V.  V.  Williams,  and  1).  R.  Weiner. 

1003.  Induction  of  cell  differentiation  by  human  imntunodcliciency 
virus  1  vpr.  Cell  72:541-550. 

25.  Luria,  S.,  I.  Chambers,  and  P.  Berg.  1001.  Expression  of  the  type 
1  human  immunodeficiency  virus  Ncf  protein  in  1  cells  prevents 
antigen  receptor-mediated  induction  of  interleukin  2  mRNA. 
Proc.  Natl.  Acad,  Sei.  USA  88:5326-5330. 

26  Moss,  B.  E.,  T.  Mi/ukami,  W.  A.  Alexander,  and  T.  R.  Fuerst.  1000 
New  mammalian  expression  vectors.  Nature  (London)  348:01-02. 

27  Myers,  G„  B.  Korber,  .f.  A.  Berzofsky,  R.  F.  Smith,  and  G.  N. 
Pavlakis.  1002.  Human  retroviruses  and  AIDS.  1002.  Theoretical 
Biology  and  Biophysics  Group  T-10.  Ia>s  Alamos  National  Labo¬ 
ratory.  Los  Alamos.  N.Mex. 

28.  Nishino,  V.,  M.  Kishi,  M.  Sumiya.  K.  Ogawa,  A.  Adachi,  K. 
Maotanoi-Imai.  S.  Kato,  K.  Ifirai,  and  K.  (kuta.  1001.  Human 
immunodeficiency  virus  type  I  i  if.  vpr.  and  ncf  mutants  can 
produce  persistently  infected  cells.  Arch.  V'irol.  120:181-102 

20  Ogawa,  K.,  R.  Shihata.  T.  Kiyusaii.  I.  Higuehi.  V.  Kishida.  A. 
lshimoto.  and  A.  Adachi.  1080.  Mutational  analysis  of  the  human 
immunodeficiency  virus  vpr  open  reading  frame  .f.  Virol.  63:41 10- 
4114. 

30  Poiesz,  B.  J.  F.  W.  Ruscetti,  A.  F.  Gazdar,  P.  A.  Bunn.  J.  ’  Minna, 
and  R.  C.  Gallo.  1000.  Detection  and  isolation  of  type  C  letrovirus 
particles  from  fresh  and  cultured  lymphocytes  of  a  patient  with 
cutaneous  T-cell  Ivmphoma.  Proc.  Natl.  Acad.  Sei.  USA  77:7415- 
7410. 

31.  Katner,  1,.  Viral  life  cycle  and  genetic  approaches  In  Perspectives 
in  drug  discovery  and  design,  in  press 

32.  Ratner.  L,  A.  Fisher,  L.  L.  Jagodzinski.  II.  Mitsuya,  R-S.  Lion, 
R.  C.  Gallo,  and  F.  Wong-Staal.  1087.  Complete  nucleotide 
sequences  of  functional  clones  of  the  AIDS  virus.  AIDS  Res. 
Hum.  Retroviruses  3:57-67. 

33.  Slamon.  0.  J.,  W.  J.  Boyle.  1).  E.  Keith.  M.  F.  Press,  l).  W.  Golde. 
and  I..  M.  Souza.  1088.  Suhcellular  localization  of  the  lnm\ 
activation  protein  of  human  T-cell  leukemia  virus  type  1.  J.  Virol 
62:680-686 

34.  Sato,  A.,  II.  Igarashi,  A.  Adachi,  and  M.  llayami.  100(1.  Idcnliti 
cation  and  localization  of  vpr  gene  product  of  human  immuno¬ 
deficiency  virus  txpe  I.  Virus  Genes  4:3(13-312 

35.  Shihata,  R..  I.  Miura.  M.  llayami.  K.  Ogawa.  II.  Sakai.  T. 


Kiyomasu,  A.  lshimoto,  and  A.  Adachi.  1091)  Mutational  analysis 
of  the  human  immunodeficiency  virus  type  2  (HIV-2)  genome  in 
relation  to  III V- 1  and  simian  immunodeficiency  virus  SI V v J 
Virol.  64:742-747. 

36  Smith,  II.  (  ..  S.  G.  Harris,  M.  Zillnian.  and  S.  \1.  Berget.  1080 
Evidence  that  a  nuclear  matrix  protein  p::r;:e:p..'.e.,  ... 

ger  RNA  splicing.  Lxp.  Cell  Res.  182:521  -533. 

37.  Staufenbiel,  M„  and  W.  Deppert.  1083.  Different  structui.il  svs 
terns  of  the  nucleus  arc  targets  lor  SV4II  large  T  antigen,  (  ell 
33:173-181. 

38  Takehe,  V.,  M.  Seiki.  J.  1.  Fujisawa,  P.  Hoy.  F  Yokota.  K  I.  Aria. 
M.  Voshida.  and  N.  Aria.  1088.  SR  alpha  promoter:  an  efficient 
and  versatile  mammalian  cDNA  expression  system  composed  of 
the  simian  virus  40  early  promoter  and  the  R-U5  segment  ol 
he  nan  T-cell  leukemia  virus  type  I  long  terminal  repeat.  Mol 
(\  ,iol.  8:466-472 

30.  Ter  .Niger,  E.  1002.  T  he  accessory  gene  functions  ot  the  primate 
immunodeficiency  viruses,  p.  3  27  In  W.  C  Koll.  I  \kong-Staal. 
and  R.  C.  Kennedy  (cd.).  AIDS  research  reviews.  Marcel  Dekkar. 
Inc..  New  York. 

40  Tristem,  M„  C.  Marshall.  A.  Karpas.  and  K.  Hill.  1002.  Evolution 
ol  the  primate  lentivituses:  evidence  Irom  c/u  ami  vpr  I  MHO  J 
11:3405-3412. 

41  Westervelt.  P.  H.  E.  Gendelman.  and  I,.  Ratner.  !00|,  Identifica¬ 
tion  of  a  determinant  within  the  human  immunodeficiency  virus  1 
surface  envelope  glycoprotein  critical  for  productive  infection  ol 
primary  monocytes.  Proc  Natl.  Acad.  Sei.  USA  88:3007-3101. 

42  Westervelt,  P„  T.  Henkel.  I).  B.  Trowbridge.  J.  Orenslein,  J. 
lleuser,  II.  E.  Gendelman,  and  E.  Ratner.  1002  Dual  regulation  of 
silent  and  productive  infection  in  monocytes  by  distinct  human 
immunodeficiency  virus  type  I  determinants.  .1.  Virol.  66:3025- 
30 3 1 . 

43.  Wu.  I..-C..  <  .  T.-ll.  I  an.  and  S.  I.  Shahied.  1002.  Expression  and 
characterization  ol  the  transai  oxating  protein  Lax  ol  human  I  -cell 
leukemia  virus  type  I  in  .V</<  <  luirnmu  rv  cereuMue  .1  Virol.  66: 
7253-726 1 . 

44  Vu,  A.-F.,  M.  Matsuda,  M.  Essex,  and  T.-ll.  l-ee.  1000.  Open 
reading  frame  of  vpr  of  simian  immunodeficiency  virus  encodes  a 
virion  associated  protein.  J  Virol.  64:5688-5093. 

45  Yuan.  X.. Maisuda,  M.  MaGuda,  M.  Essex,  and  T.-ll.  Lee.  100(1. 
Human  immunodeficiency  virus  i/irgene  encodes  a  virion-assoei- 
ateil  protein  AIDS  Res,  Hum.  Retroviruses  6:1265-  !2~l 

46.  Zeitlin.  S..  A.  Parent.  S.  Silherstein.  and  A.  Efstratiadis.  1087. 
Pre-mKNA  splicing  and  the  nuclear  matrix  Mol  Cell  Biol 
7:111  120 


Yt>l  <)S.  No.  5 


Jni  KNAt  oi  ViRoiiKO,  May  IW4.  p.  3243-324*) 

<M)22o.vS\  *M  $04.0(1  +  1) 

C'opvriizhl  1  1004.  American  Socicly  lor  Microbiology 

Human  Immunodeficiency  Virus  Type  \  Nef  Protein  Down- Regulates 
Transcription  Factors  NF-kB  and  AP-1  in  Human  T  Cells 
In  Vitro  after  T-Cel!  Receptor  Stimulation 

JUAN  C.  BANHRFS  vm>  I  EE  RAINER  1 

Department s  of  Medicine  and  Molecular  Mn  rohinlopw  Washington  I'nn  crsih 
School  of  Medicine,  St.  Louis.  Missouri  <  UK) 

Received  12  November  P>')3  Accepted  lo  lclniiaiv  l‘>l)4 

Human  immunodeficiency  virus  type  1  (IIIV-I)  negative  factor  (Nef)  has  been  shown  to  down-regulate  the 
transcription  factors  NF-kB  and  AP-1  in  vitro.  To  define  the  mechanism  of  action  of  the  Nef  protein,  the  signal 
transduction  pathways  which  may  he  affected  in  T  cells  by  constitutive  expression  of  the  nef  gene  were 
examined.  Stimulation  of  T  cells  with  tumor  necrosis  factor,  interleukin-1,  or  lipopolysuccharidc  resulted  in  the 
recruitment  of  transcriptional  factors  to  a  similar  level  whether  or  not  the  cells  expressed  the  nef  gene.  On  the 
other  hand,  stimulation  of  T  cells  hy  mitogens  or  antibodies  to  the  T-cell  receptor  (TCR)-C'D3  complex  resulted 
in  the  down-regulation  of  transcriptional  factors  NF-kB  and  AP-1  in  cells  expressing  the  nef  gene  compared 
with  cells  not  expressing  the  nef  gene.  Because  the  Nef  protein  does  not  affect  the  surface  expression  of  the 
CD3-TCR  complex,  we  conclude  that  the  Nef  protein  down-regulates  the  transcriptional  factors  NF-kB  and 
AP-1  in  T  cells  in  vitro  through  an  effect  on  the  TCR-dependent  signal  transduction  pathway. 


Human  immunodeficiency  virus  type  1  (HIV-I)  negative 
factor  (Nef)  is  dispensable  for  virus  replication  in  vitro  ( 10.  44) 
hut  is  essential  for  the  pathogenicity  of  the  closely  related 
simian  immunodeficiency  virus  (6.  22).  We  have  previously 
reported  that  IIIV-I  and  simian  immunodeficiency  virus  Nef 
proteins  affect  virus  replication  in  vitro  (33.  34)  and  that  this 
effect  is  related  to  down-regulation  of  transcriptional  factors 
NF-kB  and  AP-1  (30.  31).  These  transcriptional  factors  nor¬ 
mally  regulate  the  expression  of  genes  involved  in  T-cell 
activation  anil  proliferation  (16).  The  HIV-I  promoter  pos¬ 
sesses  multiple  binding  sites  for  both  NF-kB  and  AP-1  which 
allow  the  virus  to  subvert  the  normal  activity  of  these  factors  to 
enhance  its  own  replication  (20). 

The  mechanism  by  w  hich  1 1 1 V  1  Nef  protein  affects  signal 
transduction  is  unknown.  Although  IIIV-I  Net  protein  also 
down-regulates  the  cell  surface  expression  ol  ('1)4  (13),  the 
mechanism  lor  this  effect  is  also  unknown  However,  this 
function  requires  the  cytoplasmic  domain  ol  (1)4  (12)  Be¬ 
cause  Net  protein  localizes  preferentially  in  the  cytoplasm, 
membranes,  and  cvtoskeleton  (II.  32).  its  effects  on  nuclem 
tailors  must  be  mediated  bv  a  physical  interaction  or  enzy¬ 
matic  legulation  ol  one  or  mote  lactots  involved  in  signal 
transduction 

Sevetal  pathways  ol  signal  liansduvlion  loi  activation  ol  I 
cells  have  been  described.  Antigenic  stimulation  ol  the  I -cell 
i  eve  plot  l  I  (  K  |  (  I ) '  (  1)4  complex  results  in  ti  .-dislocation  ol 
\l  kB  mb' the  nucleus  I  he  mechanism  ol  N|  kB  activation 
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way(s)  affected  in  T  cells  by  constitutive  expression  of  the  nef 
gene.  We  found  that  stimulation  of  these  ceils  through  path- 
wavs  originating  from  the  TNF  or  IL.-l  receptors  is  not  affected 
bv  Net  protein,  whereas  stimulation  of  these  cells  through  the 
TCR-CD3-CD4  complex  resulted  in  down-regulation  of 
NF-kB  and  AP- 1  in  the  presence  of  Nef  protein  compared  with 
the  parental  cell  line  not  expressing  the  n>f 'gene. 

MATERIALS  AND  METHODS 

Cell  lines  and  nuclear  extract  preparation.  The  cell  lines 
used  included  Jurkat  (.125)  human  T-cell  clone  133,  which 
stably  expresses  the  Nef  protein  derived  from  the  IIIV-I 
isolate  NI.-43.  and  its  parental  counterpart,  clone  221  (>.  which 
does  not  express  Nef  protein  (2h).  Confirmation  of  Net  protein 
production  was  performed  bv  immunopreeipitalion  with  rabbit 
anti-Net  serum  and  Western  blot  (immunohlol!  analysis  as 
teported  previously  (3d).  Cells  were  maintained  in  the  loga¬ 
rithmic  growth  phase  in  KPMI  Ib4()  medium  supplemented 
with  Id'  ,  letal  call  serum.  2  in M  l  -glutamine.  Ido  C  ot 
penicillin  pet  ml.  and  loti  pg  ol  streptomycin  pci  ml. 

(  ells  were  stimulated  with  different  combinations  ot  si  to 
ne  iff  phoibol  12  mwist.itc  13  acetate  (I’MA)  pel  ml  t  Sigma, 
si  loms.  Mo  i  It  |ieol  phvtoheinaggluliiun  (I’ll  \ )  pel  ml 
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FIO.  1.  Fi  fleet  of  Nef  protein  on  induction  of  transcriptional  factors  API  and  NF-kB  in  T  cells  stimulated  with  TNF',  LPS.  or  PM  A  and  Pi  I  A. 
Gel  shift  analysis  shows  induction  of  transcriptional  factors  SP-1.  NL  kB.  and  AIM  in  Jurkai  T  cells  (22F6  is  the  parental  cell  line,  and  133  is  the 
Nef  protein-expressing  line).  Cells  were  incubated  for  4  h  with  saline  (  -  ),  INF-.  LI’S,  or  PM  A  and  PH  A  (P/P).  Retarded  DNA-protein  complexes 
are  shown:  free  DNA  complexes  are  not  shown  hut  were  equivalent  in  each  lane.  The  experiments  were  performed  three  times  with  similar  results. 
The  relative  intensity  of  the  hands  was  evaluated  by  laser  densitometry. 
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(Sigma),  when  used,  was  added  to  the  cells  30  min  prior  to  the 
stimulants  to  a  final  concentration  of  10(1  gM.  Nuclear  extracts 
were  prepared  from  5  X  II)7  cells  as  previously  described  (30, 
31)  with  the  following  modifications:  after  ammonium  sulfate 
precipitation,  nuclear  proteins  were  resuspended  in  100  pi  of 
20  mM  HEPES  (A/-2-hydroxyethylpiperazine-A;'-2-ethanesul- 
fonic  acid  [pH  7.0] )— 20  mM  K.CI-1  mM  MgCU-2  111M  dithio- 
thrcitol- 17%  glycerol,  with  the  addition  of  10  mM  sodium 
fluoride.  0.1  mM  sodium  vanadate,  and  50  mM  (3-glycerol- 
phosphate.  Binding  reaction  mixtures  contained  2  pg  of  nu¬ 
clear  extract,  2  pg  of  poly(dl-dC)  (Pharmacia,  Milwaukee, 
VVis.),  20,000  to  40,000  cpm  of  end-labeled  oligonucleotide 
probe  and  the  equivalent  amount  of  labeled  probe  in  each 
assay  for  a  given  experiment,  with  or  without  a  100-fold  molar 
excess  of  unlabeled  oligonucleotide,  in  DNA  binding  buffet  «ii 
a  final  volume  of  30  to  40  pi.  Reactions  were  performed  at 
30'  C  for  25  min. 

Gel  retardation  assays.  For  the  gel  retardation  assays,  the 
following  double-stranded  oligonucleotides  were  used:  NF-kB. 
AC'AAGGGACTTTCCGCTGGGACTITC'CAGGGA:  SP- 1 . 
CAGGGAGGCGTGGCCTGGGCGGGACTGGGGAG 
TGGCGTCC;  AP  I,  CAGGGCCAGGAGTCAGATATCCA 
'TGACCTTTGGATGGTGCT;  and  USF,  GCCGCTAGCA 
TFFC  ATCACG  TGGCCCGAGAGCTGC. 

All  DNA  probes  were  gel  purified  and  end  labeled  with 
|y-,;,P]ATP.  Gel  retardation  assays  were  performed  as  previ¬ 
ously  described  (30)  by  using  the  radiolabeled  probes,  with 
DNA-protein  complexes  being  separated  from  the  free  DNA 
probe  by  electrophoresis  through  low-ionic-strength  4.5% 
polyacrylamide  gels  and  run  at  200  V  with  Tris-borate-EDTA 
(3.7  g  of  Na  EDTA,  54  g  of  Tris.  and  27.5  g  of  boric  acid  per 
liter).  The  intensity  of  indicated  bands  for  DNA-protein  com¬ 
plexes  was  determined  by  laser  densitometry  scanning. 

CAT  assay.  Chloramphenicol  acetyltransfera.se  ((’AT)  as¬ 
says  were  performed  as  described  previously  (15)  with  samples 
with  the  same  protein  concentration  as  determined  by  the 
method  of  Bradford  (Biorad.  Hercules,  Calif.).  Transfections 
were  performed  in  parallel  with  previously  described  reporter 
plasmids  Rous  sarcoma  virus-CAT.  IIIV-I-CAT.  and  1L-2- 
CAT  (1.41)  in  both  cell  lines,  and  the  results  were  normalized 
to  the  values  obtained  in  parallel  from  the  noninducible  Rous 
sarcoma  virus-CAT  to  control  for  transfection  efficiency.  Re¬ 
action  products  were  analyzed  by  thin-laver  chromatography 
followed  In  autoradiographs'  and  liquid  scintillation  counting. 

(  A  I  aclivity  was  expressed  as  fold  increases  in  the  percentage 
ol  radioactivity  in  the  acclvlatcd  forms  compared  with  the  sum 
ol  that  of  the  acclvlatcd  and  unacctvlatcd  forms. 


I-IG.  3.  CAT  assay  showing  the  etlcel  of  Nef  protein  on  MIX'  amt 
II. -2  transcription.  Jurkat  T  cells  (221-6  is  the  parental  cell  line,  and  133 
is  the  Net  protein -expressing  cell  line)  were  transfected  with  HIV-1- 
long  terminal  repeat-CAT  (A)  and  incubated  for  4  h  with  recombinant 
human  ll.-l  or  INF.  Similar  experiments  with  ll.-2-(  A  t  (If)  were 
performed  with  22F6  and  133  cells.  Cells  were  transfected  lour  times 
with  each  plasmid,  a  mean  fold  induction  was  calculated,  and  the 
standard  deviation  of  the  mean  was  determined.  I  lie  percentages  ol 
acetylation  of  I II V- 1 -(  A  F  were  4,(i  4  11.7  (ll.-l )  and  4  4  -  O-GTNT) 
tor  221  <1  cells  and  331  4  0.6  (II  ■  I )  and  4.7  '  ll.3(  INI)toi  I  33  cells. 
I  lie  percentages  o|  aeety  lation  loi  I1.-2CAI  were  140  -  < ,,J  ill  - 1  1 
and  I  7  •  U.7  (  I  \l  )  lor  221  b  cells  and  1 27  *  tl.6  I  IF- 1 1  and  !  2  a  • 
(1.3  (  INI j  for  133  cells. 


REM  I  IS 

lo  evaluate  the  cltects  ol  Nef  protein  on  activation  ol 
transci iplional  factors  tlitouglt  protein  kinase  (  independent 
mechanisms.  Iiitkat  cells  earning  the  nr/  gene  I  133)  and  tile 
parental  cell  line  (221-6)  were  stimulated  with  c  it  he  t  INF  01 
I  I'S.  and  I  lie  results  were  computed  with  those  Mom  stunul.i 
lion  with  I’M  A  and  I’l  I A  (lag  I  ).  A  nomud  lie  1  hie  laelot .  SP  I 
was  use  d  lo  conliol  lot  protein  concentiation  and  qiiahtx  ol  the 
ext  rat  t  s  (lag  I  \  1  INI  01  I  PS  induct  1011  ol  N I  k  B  ( I  ig  I  B 1 
and  AP  1  ( I  ig  If  t  was  not  alleeted  In  the  picsenee  or  absence 
ol  Net  ptotcni  in  I  33  .inH  221  6  tells,  lespectixeb.  In  contrast, 
the  lev  el  ol  induction  ol  both  liunsciipimn  l.itlois  was  de 
cteased  b\  t>  told  111  the  cast1  ol  N I  k  H  nmi  In  I  1  Ink!  in  I  Ik- 

•  g.iso  ol  A  I*  I.  when  the  s.imc  tv  IK  were  Mnnul.iktl  \\  nil  I’M  A 
and  I’ll  \ 

Simil.it  ii  suits  were  obtained  when  the  1 1  unp.it is. ill  x\.e 
mad.  K  tween  the  stimulation  with  II  I  and  that  w  11  h  I’M  A  01 


PI  FA  ( 1  ig.  2).  Noninducible  tiauseiiplioii  laebu  l  SI  was  used 
as  a  control  (lag.  2.A)  Nl  kB  (Fig  21!)  and  AP  I  ii  j  2(1 
aelixatton  In  II  I  was  not  signiheanlK  a  II  eel  eel  In  1  he  ptesenee 
01  absence  ol  Net  pioteiii  m  133  and  22F6  cells,  icspeelix el\ . 
Stimulation  will;  PM  \  01  I’ll  A  icsnlletl  in  down-icgtilation  ol 
Nl  kB  In  5-lold  and  \P  I  In  I  s  lold  111  the  ptesenee  ol  Net 
protein  in  this  experiment 

lo  determine  it  induction  ol  N|  kI!  anti  \P  I  eo;  1  el.iletl 
with  iianseiqHion.il  aeliMtx.  cells  weie  ItansKa  tetl  with  I  )N  \ 
plasmids  which  use  lilt  MIN  I  long  terminal  tepeut  to  dncci 
exptession  nt  a  heterologous  gene  piodnet.  (  A  I  (  e i i -  weie 
slumilated  with  INI  m  II  I  dig.  !|  No  dilleuake  ir  ,uet\ 
lation  between  the  cells  expressing  the  nr!  gene  I  ' ,|  the 
patent. it  ce  ll  line.  221  n  was  louitd  when  both  ,etl  h:  .  s  weie 
stnnnl.iled  with  eilliet  II  I  01  INI  ( I  ig  3A>  Bcc.u.'i  Ne! 
ptotetti  also  has  bi  e  il  reported  lo  suppi  "  the  ir.li..  aan  o| 
<  \  I  .11  t  n  itx  dll  I  a  led  In  till  1 1  (  \  I  pi.ism  id  i  'i  a  ’’  ’  a  I  '  ' 

1  ells  and  221  (1  cells  coni. lining  this  plasmid  Wile  'limtiiaUd 
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FIG.  4.  Effect  of  Ncf  protein  on  induction  of  transcriptional  factors  AP-I  and  NF-kB  in  1  cells  stimulated  with  PM  A  and  PDA  in  the  presence 
or  absence  of  H-7.  Gel  shift  analysis  shows  induction  of  transcriptional  factors  USF.  NF-k II.  and  AP-I.  Jurkat  T  cells  (22Ff>  is  the  parental  cell 
line,  and  133  is  the  Nef  protein-expressing  cell  line)  were  incubated  for  4  h  with  PDA  and  PMA  (P  P)  or  sterile  witter  (  -  ).  H-7  was  added  3(1  nnn 
prior  to  the  incubation.  Retarded  DNA-protein  complexes  are  shown:  free  DNA  complexes  are  not  shown  but  were  equivalent  in  each  lane.  The 
experiments  were  performed  three  times  with  similar  results.  The  relative  intensity  ot  the  bands  was  evaluated  by  laser  densitometry. 


with  TNF  or  II. -I  (Fig.  3B).  The  results  paralleled  those 
obtained  with  HlV-1-C'AT.  These  data  indicate  that  Nef 
pro.eiri  does  not  affect  the  induction  of  transcription  factors  by 
the  palhwav(s)  of  T-eell  activation  originating  front  the  TNT' or 
II.- 1  receptors. 

To  further  evaluate  the  effects  ot  Nef  protein  on  signal 
transduction  after  PMA  or  I’llA  stimulation,  the  effect  ol 
addition  of  a  protein  kinase  inhibitor.  1 1-7.  was  examined  t  Fig. 
4).  The  nonindticihle  factor  USI  was  used  as  a  control  (Fig. 
4A).  PMA  or  PDA  induction  of  NI  -kH  (r  ig.  4B)  was  1 1 1- told 
higher  in  the  22F(>  cells  than  in  the  133  cells.  The  use  <>l  11-7 
resulted  in  a  significant  decrease  in  NF-kB  induction  in  the 
cells  that  et id  not  express  Net  protein  Similarly.  PMA  and 
PHA  resulted  in  the  induction  ol  AP- 1  (  Fig.  4(  )  to  a  level  that 
was  I  s  times  higher  in  the  cells  not  expressing  Nel  protein  than 
in  the  cells  expressing  Nel  protein.  117  blocked  the  induction 
ol  AP- 1  in  the  221  f>  cells.  In  both  cases,  the  addition  ol  1 1--  to 
the  Nel  protein-expressing  ceils  did  not  cause  am  lurthet 
decrease  in  the  already  low  level  ot  expression  ol  the  respective 
1 1 .inscription  laetors. 

Io  further  establish  that  the  effects  ol  Nel  piotcin  wete 
reiaied  lo  stimulation  through  the  l(  R-<  1)3  complex,  both 
Jurkat  221  T>  and  1 33  cells  were  stimulated  by  anti-f  I ) 3  ctoss- 
Imkmg  m  the  picscncc  ot  absence  ol  IF-’  (Fig.  M  Nolimdue- 
ible  I  raiisei  iplion  laclot  I  SI  w,i*  used  as  a  control  (I  ic  'A' 
N I  k  B  induct  a  m  1 1- lit.  s  B  I  m  221  0  cells  was  im.  reused  I tx  eb  >id 
bv  the  addition  ol  lire  antibodies  lo  the  ICK-CD3  complex 
I  F,c  pu-eiKt  "I  fl  allemialed  liie  mdiieiioti  in  a,  level 
o  'in  parable  ti  i  t  hat  achieved  ill  the  1  cells.  Again  I  illicit  lion 
Wav  not  liiilhc!  1 1  v  v  leased  Us  II  III  I  he  1’’  w  IK.  I'd.. him 


levels  were  already  livefold  lower  for  the  cells  stimulated  with 
anti-(’D3  than  for  the  Nef  protein-expressing  cells.  When  the 
oligonucleotide  for  AP-I  was  used  (l  ig.  5C ).  similar  results 
were  obtained,  with  differences  of  eightfold  lot  the  anti-C'D3 
untibodv  stimulation  of  221  (v  cells  compared  with  the  133  cells. 

To  corroborate  that  the  effects  on  the  regulation  of  the 
transeiiption  laetors  were  cot  related  with  transcriptional  activ¬ 
ity.  CAT  assavs  were  petlormed  (Fig.  (> ) .  1  he  percentage  "I 
acetylation  wav  decreased  by  sixfold  with  the  use  of  H-~  in 
221  (>  cells  stimulated  with  ami-(  I  )3  lot  I II V  - 1  -CAT  (Fig.  ('A  I. 
Ihe  difference  between  the  percentage  "1  acetylation  in  221  n 
and  1 33  cells  t  Fig.  (>B)  in  the  absence  of  1 i-_  was  3.5 -fold  when 
cells  wen*  stimulated  with  anti-CD.v  I  lie  results  with  the 
II.  2(  A  I  plavinivl  w  it  h  both  221  n  (I  ig.  (if  T  a  ml  133  (Fig.  ol)  I 
cells  again  paralleled  those  "I  the  1 1 1  \  I  f  \  I  plasmid,  except 
lot  the  greatei  differences  tound  between  the  Nef  protein 
expressing  cclK  ,md  the  parental  cell  lines  Furlhermore.  the 
findings  with  II  -2-C  \  I  relleel  previouslv  described  Nel  pro 
tent  effects  m;  eiivlogeni'iis  II  2  cxpicwion  (do)  I  he  testiltv 
presenteil  above  iiulieate  that  Nel  protein  down  legul.ites  the 
indnelion  ot  N|  kI!  and  \P  I  bv  interacting  with  one  >'!  the 
steps  involved  lit  1 -cell  activation  limn  the  I  (  Is  (  1  )3  f  1)4 
complex. 
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I  IG.  5.  lillcct  of  Nef  protein  on  induction  ot  transcriptional  factors  A I  ’  - 1  ami  NI-'-kII  in  I  cells  stimulated  with  cross-linked  antibody  to  GIB 
((  L>3)  or  soluble  <’Da  in  the  absence  of  immobilized  anti-mouse  IgG  (  ).  Gel  shift  analysis  shows  induction  of  transcriptional  factors  L  SI-. 

NF  -kB.  anil  AP  I.  117  was  added  JO  min  prior  to  the  incubation.  cP.  cold  probe.  Retarded  DNA-prolein  complexes  are  shown:  free  l)NA 
complexes  are  not  shown  but  were  ei|tiivaleni  in  each  lane  The  experiments  were  performed  twice  with  similar  results.  The  relatixe  intensity  ol 
the  hands  was  evaluated  bv  laser  densitometry. 


immunodeficiency  virus  may  indicate  the  importance  of  the 
gene  for  the  pathogenicity  of  the  virus  (6,  22)  in  vivo.  Differ¬ 
ences  in  the  results  of  the  in  vitro  experiments  among  various 
groups  may  he  due  to  the  use  of  different  /;<•/  alleles  (1<S,  42. 
48),  the  conditions  of  the  experiment  (23).  or  the  use  of 
peripheral  blood  lymphocytes  (7)  versus  stable  cell  lines.  In  our 
in  vitro  system.  Nef  protein  has  been  shown  to  down-regulate 


both  NI-kB  (30)  and  AIM  (31)  after  PMA  and  I’llA  stimu¬ 
lation. 

The  current  work  aimed  at  clarifying  the  mechanism  of 
action  of  Nef  protein  by  examining  the  pathways  of  signal 
transduction  affected  by  this  protein  in  T  cells.  Several  signal¬ 
ling  pathways  have  been  described,  although  further  clarifica¬ 
tion  is  still  required.  Multiple  stimuli,  including  II. -I  (4.  d.  38). 


CTRL  CD3  CD3H7 


2  2  F  6 


CTHL  CD3  C03H7 


I  It  i  1 1  (  \|  assay  shouimMlic  elicit  ol  Ncl  protein  on  H!\  and  1 1  -7  li  ansci  iptiun  fuik.il  I  cells  I  .’.’I  <>  |  A]  is  tin  paternal  cell  line,  and  I.G 

j  If;  o  lire  Ncl  ph  iicin  i  xpicssinv  cell  line  f  were  I  tansies  ted  with  1 1 1  \  1  lone  let  mural  icpc.il  t  A  I  ami  siumilaled  w  nil  i  u  os  linkcil  a  nobody  to 

<  I)’-  it  Iff)  in  .  *1  nbli.  (  I ) :  in  i  Ik-  a  I'm’ ik  v  ol  i  mi  nobi!  i/c  .1  anti  nious.  I  ot  ■  it  I  Rl  i  II  "  was  added  ft  I  mm  pi  o  >i  u '  die  tin  ub  aiion  Nnmt.it 
C'pciuni  Ms  willi  II  (  \l  Wile  pciloimcil  with  771  f>  cells  It  land  I  f '  cells  1 1  >)  (  clb  weic  lianslc.  led  lout  limes  with  c.n  h  plasmid,  a  mean 
lold  induction  was  i  ali  dialed,  and  the  sta  inlaid  ilciiat  ion  ol  (lie  mean  was  dclcr  mined  III.-  pvrccitl.uvs  ol  an  |\  la  lion  lot  Hl\  I  (  \  1  uci.  0  ' 
■  It  It.’  It  I  R  I  I  ;  I  -  II  fs  K  |  > ;  I.  and  II  ■'  •  O  .’  It  I )  f  1 1"  i  I"!  ’  'I  '■ , .  IP  and  II  .  Hill.  (1  I  R|  ill  '  ■  (I  I  |  (  I  )  f  i.  and  o  )  -  n  on  1 1  P  1 1  I 

I  a  I  f '  cells  I  h.  pci.  cm  '•:>■■■  ol  ai  cis !,  1 1  ion  lot  II  t  M  wen  n  ’  mi'll  I  KI  I  p  ’  -  "X|(  |ifi  .m,l  I  '  •  o  ’  -  I  <  G ; 1 1  i On  "I  i.  . .  IN 

..•"I  0  f  -  mi!  it  I  KI  i  I  •  n  f  -  it  1 1 ').  and  <i‘>  -  u  '  loj  I  ■  •  .  d 
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C'I)2N  (40).  0)45  (24).  TNT  (25.  38.  30,  47).  gamma  interferon 
(47).  l.PS  (4),  PMA  and  PHA  (4.  25.  38).  human  T-cell 
Ivmphotropie  virus  Tax  protein  (38).  and  the  antigenic  stimu¬ 
lation  of  the  TCR-C'D3-C’D4  complex,  have  been  shown  to 
induce  expression  of  cellular  genes,  including  1L-2  and  11.-8 
and  surrogate  HIV  genes.  The  diverse  mechanisms  by  which 
this  stimulation  is  achieved  include  direct  stimulation  of  the 
hydrolysis  of  inositol  phospholipids  by  0)45  (24).  activation  of 
protein  kinase  C  (as  with  PMA  and  PHA),  and  phosphoryla¬ 
tion  of  I-kB  through  breakdown  of  sphingomyelin  products  to 
ceramide  (as  with  I  NF)  (2.  27.  37,  42.  45).  The  current  work 
indicates  that  Nef  protein  alfects  the  T-cell  signal  transduction 
pathway  originating  from  TCR-CD3  complex  stimulation.  Nef 
protein  has  been  show  n  to  down-regulate  044.  but  it  does  not 
allect  the  expression  of  0)3  ( 12)  or  I'C'R  ( dot  a  not  shown)  at 
the  cell  surface.  Therefore.  Nef  protein  probably  affects  one  of 
the  downstream  steps  resulting  from  stimulation  of  the  TCR- 
0)3  complex.  Whether  this  is  due  to  physical  interaction  with 
a  component  or  components  of  this  pathway,  like  the  c  subunit 
of  the  TOT  or  whether  it  is  due  to  enzymatic  regulation  of 
pathway  intermediates  like  tvrosinc  kinases  (lek)  or  tyrosine 
phosphatases  remains  to  be  determined.  It  is  interesting  that 
the  effect  of  Nef  protein  on  CD4  expression  requires  the 
cytoplasmic  domain  of  0)4  ( 12).  which  includes  two  sites  that 
bind  to  p5(/'*  (5).  Whether  Nef  affects  0)4  expression  and 
signal  transduction  by  the  same  molecular  interaction  or 
through  a  different  mechanism  needs  to  be  clarified. 

To  determine  if  the  effects  in  vitro  on  transcriptional  regu¬ 
lation  correlate  with  the  in  v  ivo  effects  of  Nef  protein  requires 
first  an  understanding  of  the  molecular  mechanisms  of  its 
action  in  vitro.  It  needs  to  be  kept  in  mind  that  our  in  vitro 
system  does  not  take  into  account  circumstances  that  could  be 
important  in  an  in  vivo  situation  and  could  be  affected  by  Net 
protein,  such  as  reinfection  of  T  cells.  Therefore,  we  are  unable 
to  ascertain  the  relative  importance  of  diverse  activities  of  Nef 
protein.  I  his  report  indicates  that  Nef  protein  interacts  w  ith 
the  signal  transduction  pathway  originating  from  the  TCR- 
(  1)3  complex  and  does  not  tiffed  the  stimulation  of  T  cells  with 
the  cytokines  II. -I  anil  TNI-'.  The  complete  definition  of  this 
system  is  required  to  determine  if  Nef  protein  is  involved  in  the 
cellular  latency  of  HIV  and.  if  so.  through  which  mechanism. 

\<  KNOW  I  I  IX, Ml  VIS 

Wv  dunk  l  isa  Westfield  ami  I  van  Sadler  Ini  oligonucleotide 
.vnlhcsis.  William  R.  I  fastings  tm  technical  assistance,  and  Svlvic 
I  in ia  for  [Hooding  the  cell  lines 

I  Ills  vvmk  was  supported  by  I  S  Amu  eranl  I )AMi )- 1 7-00(  -III 2' 
to  I  .R  and  At  S  grant  FRA  371 

RFFFRINI IS 

I  \rva.  S.  k..  (  Iran.  S.  F.  Josephs,  and  I  .  Wong-Staai.  1 08' 

I  rails  acli'aloi  sue  nt  human  I  Ivnrpholropic  vims  type  III 
t  III  I  \  III  I  S.  k  tree  22‘>:f,o  T  ; 

Vllnrii.  I)..  S.  I’olain.  S.  Wltini.  and  <..  I..  Wolnscliak.  i'mtl 

RcL'nt.ilion  i't  mitogen  'I miniated  tin n i.m  I  cell  pmlilcinlimi.  It 
pioduvUon  aid  II  2  icecptoi  cvpicssion  hv  piolcm  kinase  ( 
mhilutoi  II  (ell  Immunol.  1 2  *4 :  V  [  n  do. 

;  ISaeuerle.  I*.  V..  and  l>.  Italtimnre.  loss  |K|i  a  spccilie  mlnbihn  o! 

ilk  Ni  sit  1 1 .nisei ipl ion  taclot  Science  242: ^  t* t  5  In 
1  linms/tvk.  k..  .1.  \\ .  Rooney,  I .  Iwaski.  V  V  Kacliie,  S.  k.  Dower, 
and  <2  Hopkins  Sihlcy.  loot  I  vulcrivc  llial  mu  llenkin  I  and 
plrothol  ,  a.  is  .irlival.  \l  i.  U  In  d ills' 1 1  in  p.itlivvavv  ink 
piotcin  kmasc  (  .  (  ell  Regal.  2: '2'*  v'S 
'  (  rise.  It.,  and  J.  k.  Rose.  I'l'V  idcnlitkation  ot  (ralnnlovlation 

sit.  s  ,,n  (  I  >:  the  hum  in  nnnninod.'tk  aenu.  a  nils  ireept.  a  I  Itiol 
<  hem  2Z.T:  i  i  i 

n  Daniel.  M.  I)  .  I  kirehholf.  s.  (  .  C/ajak.  I’,  k.  Seglial.  and  R.  ( 
Desrosiers  pi’C  1’ioiei  U’o.  ■  tticls  .it  a  hv.  allcnuulvd  SIX 


vaccine  with  a  deletion  of  the  net  gene.  Science  258:10)8  lull 

7  dekonde.  A.,  It.  klaver,  W.  kenlcn.  I..  Smit.  and  .1.  Goudsinil. 
1 00.2  Ni.iuiai  HIV  net  accelerates  virus  replication  in  primary 
human  lymphocytes,  Virology  188:3')!  305. 

8.  l)ia/-Mcco.  M.  I ..  12.  Iterra.  M.  IS.  Municio.  I..  San/.  J.  I.o/ann.  I. 
Dominguez.  V.  Dia/Cnlpc.  M.  I.  luiin  de  l.era,  J.  Alcaini.  C. 
I’aya,  K.  Arenzana-Scisdcdos.  J.-l..  \  irelizier.  and  J.  Muscat.  I •)*).'. 
A  dominant  negative  protein  kinase  (’  i  subspecies  blocks  NT-kB 
activation  Mok  Cell.  Biol.  13:47711  4775. 

0  Fdbrookc.  M.  R„  J.  f  nldi.  J.  k.  Cheshire.  K.  I.i.  I).  I.  I  . mikes,  and 
I’.  Woo.  1001.  Constitutive  and  NI  ..I!  like  proteins  m  the  regu¬ 
lation  ot  the  serum  amyloid  a  gene  by  intetlcukm  I.  Cytokine 
3:38(1-388. 

10.  Fisher.  A.  G.,  I ..  Rainer.  II.  Mitsuva.  1„  M.  Marselle.  M.  12. 
Harper.  S.  llroder,  R.  C.  l.alln.  and  F.  Wung-Staal.  1080  Inlcc- 
tious  mutants  of  I  I  I  I  .V  III  with  changes  in  the  '  legion  and 
markedly  reduced  evlopalhie  effects.  Science  233:055-050. 

1 1  Franchini.  G..  M.  Kubcrt-GuroH',  J.  Ctirayel).  N.  I  .  Chang,  and  F. 
Wung-Staal.  1 9X6.  Cytoplasmic  localization ol  the  II 1 1  \  -111  3'  oil 
in  cultured  human  I  -cells.  Virology  155:503-500, 

1 2  (iarcia.  J.  V„  J.  Alfano.  and  A.  D.  xiiller.  I 00.3  I  lie  ncgal ive  efleet 
ol  human  immunovletieienev  virus  tvpe  I  Net  on  cell  surface 
expression  is  not  species  specific  and  requires  the  cytoplasmic 
domain  ot  14)4.  J.  Virol.  67: 1 5 1 1  -  1 5  lti. 

13.  (iarcia.  J.  V.,  and  A.  I).  Miller.  1001.  Serine  phosplioryl.ition- 
indepcndenl  down-regulation  of  cell  surface  (1)4  by  net.  Nature 
(f.ondon)  350:5(18-51 1. 

14.  (ihnsh,  S..  and  I).  Baltimore.  1 0011.  Activation  in  v itro  of  NT-kB  by 
phosphorylation  of  its  inhibitor  IkB.  Nature  ( London)  344:678- 
682. 

15.  (iornran.  C.  M..  (i.  T.  Merlinu.  M.  Willingham.  I.  I’astan.  and 
B.  II.  Howard.  1982.  The  Rous  sarcoma  v  irus  long  terminal  repeat 
is  a  strong  promoter  when  introduced  into  a  variety  of  eukaryotic 
cells  hv  l)NA-mcdiated  transfection.  I’roc.  Natl.  Acad.  Sci.  (ISA 
79:6777-67X1. 

16.  Greene,  W.  C.  I'Ni.  The  molecular  biology  of  human  imnumode- 
ficiency  virus  type  1  infection.  N.  lingl.  J.  Med  324:308-317. 

17  (iur.  If.,  M.  ('.  Wacholtz,  I-  S.  Davis.  1.  I).  (ieppert.  and  P.  12. 
I.ipsky.  I  D‘>2.  Modulatory  effect  of  aggregating  the  0)3  molcculai 
complex  on  T  cell  activation.  Cell.  Immunol.  140:81-%. 

18.  Ilammes.  S.  R.,  12.  P.  Dixon.  M.  H.  Malini,  B.  R.  Cullen,  and  W.  C. 
Greene.  1080.  Nef  protein  of  human  immunodeficiency  virus  type 
1:  evidence  against  its  role  as  a  transcriptional  inhibitor.  I’roc 
Nall.  Acad.  Sci.  I  ISA  86:0540  -<>553. 

10.  Henkel.  12.  T.  Maehleidt.  I.  Alkalav.  M.  kriinke.  X.  Ben-Neriah, 
and  I*.  V.  Baeuerle.  1003.  Rapid  proteolysis  ol  Ik-H  is  necessary  tor 
activation  ol  transcn|itinu  tactoi  NL-kH  Naliuc  lloiuloii)  365: 
182- 185. 

20.  Jamieson.  (  ..  P.  G.  \lc(  allrey.  \.  Ran.  and  R.  Sen.  loot  Physio- 
higiv  activalion  ot  I  ccllsviathc  I -cell  icccploi  iikluccsNI  sit.  J 
Immunol  147:4  1  r>  )7ll 

21  June.  C.  II..  M.  C.  Fletcher,  J.  V.  I.edhetter.  I  .  Scliieven.  J.  N. 
Siegel.  \.  F.  Phillips,  and  I..  12.  Samelsmi.  l",,o  Inlnbinon  ol 
Ivrosmc  phosphoivlation  prevents  I  cell  receptor-mediated  signal 
transduction  t'lov  Nall.  Acad  Sv  i  l  S A  S7:  2 2  "~~2n. 

22.  kcstlei  ,  II.  W..  I).  J.  Kingler.  k.  Min  i.  I).  I  .  Panicali.  P.  k.  Seglial. 
M.  I).  I)  anicl.  and  K.  C.  Dcsrnsivrs.  I'^M  Impniinikv  nl  ihc  iu  l 
ticik  I' >r  m.iinienaikv  nt  hit’ll  wins  In.uK  ,iml  lm  ".)<  ile\ elnpmcnl 
nt  A  1 1  )S  (  ell  65:t>5l 

.?.?  Kim.  N..  K.  lki'mlii.  K.  Kwii,  J,  (inmpman,  and  I>.  Ballimon-. 

1  ,ik  k  nl  a  IK  iMtlNc  mlUk’iuv  nn  Mi.il  mnwti:  iw  |Ik‘  in.1 1  tieiK' 
nt  hum. in  uniminndktiv.K‘iu\  \iius  (\jv  I  IVk  \.ul  \v.ul  Svi 
l  SA  S 

M  Korct/k'.  \..  J.  I'icus,  NI.  I..  I  ImniiiN.  ;iud  Wiiss. 

( \  ff»siiK‘  plinspli.iinsc  <  I  >4 ^  is  t-s>k  filr.iMnf  kiUfp  I  k k'ii  ,m I u..vn 
nk\'[>tn|  In  |he  phnsplt.il  l«t\  I  mnsllnl  j'.:lll\s.!\  \i!t!ic  (  t  nlhtnil  ' 

J!'1  kf.ismm.  S.  W..  1  .  /han^,  K.  I.riint:.  I,.  Oslunn.  >.  Kunkil,  an<l 
<,.  J.  Nahtl.  I1*'  I  I  llllli  M  IK’kIi>N|N  l.lklm  .llpll.t.  U'  lx  I  k  U  k  111  I.  .HI.- 
[>|;nih<>l  imnsi.iit  ,iu  i  ik  .iw  iiiil.j-.Mvti  ni  ,c,;  ■|"iv  » »l  A I  ••  ! : 

vilui  ji  dittv  n  nli.ilK  .u  Iiv.iU  I  .  •,  ll'-  <  v !« 'kiiu  v  ;  ;  M 

'<•  I  im  i.i .  S..  I.  <  hanilu  i  s.  and  V.  IK tl;.  t  1  K  \  \\  h  .  •:  i!u  p 

I  nnnuinniU  lu  n  id  \  \  u  us  iK  I  pi .  a  in  hi  I  .  c  i 1  >  w  ,  \ ,.  h!'-  .hi!  h.k  h 


Vul .  68.  1494 


ICR  SI’IXII  K  II  I  I  CIS  ()l  1 1 IV- 1  No  I 


4244 


receptor-mediated  induction  of  interleukin-2  niRNA  I’roc.  Natl. 
Acad.  Sci.  USA  88:5326  ACo 

27.  Manger,  B.,  A.  Weiss.  J.  Imhnden,  I  .  I-aing,  and  J.  I).  Stobo.  I9K7. 
I  he  role  o I  protein  kinase  C  in  transmetnbranc  signaling  by  the 
T-cell  receptor  antigen  complex.  J.  Immunol.  149:2754  2760. 

2<S.  Mustelin,  T„  K.  M.  Coggeshall,  N.  Isakov,  and  A.  Altman.  1490.  T 
cell  antigen  receptor-mediated  activation  of  phospholipase  C 
requires  tyrosine  phosphorylation.  Science  247: 1 5X4- 1 587. 

29.  Nahel,  G„  and  II.  Baltimore.  1 457.  An  inducible  transcription 
factor  activates  expression  of  human  immunodeficiency  virus  in 
T-cells.  Nature  (London)  326:711-713. 

30.  Niederman,  T.  M.  J.,  J.  V.  Garcia,  W.  R.  Hastings.  S.  I.uria,  and 
L.  Ratner.  1992.  Human  immunodeficiency  virus  type  I  Net 
protein  inhibits  NI-kB  induction  in  human  1  cells.  J.  Virol 
66:6213-6219. 

3 1  Niederman,  1 .  M.  J.,  W  R.  Hastings,  N.  I.uria,  J.  t .  Bandres.  and 
L.  Ratner.  1993.  II1V-1  Net  protein  inhibits  the  recruitment  of 
AIM  DNA  binding  activitv  in  human  T-cells.  Virologx  194:338- 
344. 

32.  Niederman,  T.  M.  J..  W.  R.  Hastings,  and  I,.  Ratner.  1493. 
Myristoylation-enhanced  binding  of  the  I11V-1  Net  protein  to  I 
ceil  skeletal  matrix.  Virology  197:420-425. 

33  Niederman,  T.  M.  J.,  W.  Hu,  and  I„  Ratner.  1941  Simian 
immunodeficiency  virus  negative  factor  suppresses  the  level  of 
viral  mRNA  in  COS  cells.  J.  Virol.  65:3538-3546. 

34.  Niederman,  T.  M.  J.,  B.  J.  Thielan,  and  L.  Ratner.  19X9  Human 
immunodeficiency  virus  type  I  negative  factor  is  a  transcriptional 
silencer.  Proc.  Natl.  Acad.  Sci.  USA  86:1 1 28- 1 132. 

35.  Osborn,  L.,  S.  Kunkel,  and  G.  Nahel.  1989.  Tumor  necrosis  factor 
alpha  and  interleukin  I  stimulate  the  human  immunodeficiency 
virus  enhancer  bv  activation  of  the  nuclear  factor  kB.  Proc.  Natl. 
Acad.  Sci.  USA  86:2336-2340. 

36.  Pomerantz,  R.  J.,  M.  B.  Feinherg,  I).  Trono,  and  I).  Baltimore. 

1990.  [.PS  is  a  potent  monocyie, 'macrophage  specific  stimulator  of 
human  immunodeficiency  virus  type  I  expression.  J.  Exp.  Med. 
172:253-261. 


37.  Raster,  S.  I.,  M.  Woodrow,  S.  C.  Lucas,  I).  A.  Cantrell,  and  J. 
Downward.  1992.  p2 1  ras  mediates  control  of  the  IL-2  gene  pro¬ 
moter  function  in  T-u.ll  activation.  EMIIO  J.  1 1:4549-4556. 

38.  Schreck,  R.,  R.  Grassmann,  B.  Fleckenstein,  and  P.  A.  Baeuerle. 
1492,  Antioxidants  selectively  suppress  activation  of  NE-kB  bv 
human  T-cell  leukemia  virus  type  I  Tax  protein.  J.  Virol.  66:6288- 
6293. 


39.  Seliutze,  S..  K.  I’othoff,  T.  Machledt,  I).  Berkos ie.  K.  Wiegmann, 
and  M.  Kronke.  1992.  INI-  activates  NL-kH  bv  phosphalidvlcho 
line-specific  phospholipase  (’-induced  "acidic  sphingomyelin 
breakdown.  Cell  71:765-776. 

4(1.  Shirakawa.  K..  and  S.  B.  Miz.cl.  19X9.  In  snro  activation  and 
nuclear  translocation  of  NI-kB  catalyzed  bv  csclic  AMP-depen¬ 
dent  protein  kinase  and  protein  kinase  C.  Mol  (  ell.  Biol,  9:2424- 
243(1. 

41.  Sicbenlisi.  I ..  I).  B.  Durand,  P.  Bressler,  N.  J.  Holbrook.  C.  A. 
Norris,  M.  Kamoun,  J.  A.  Kanl,  and  G.  R.  Crabtree.  I486. 
Promoter  region  ol  inlerleukin-2  gene  undergoes  chromatin  struc- 
tiire  changes  and  confers  indueihility  on  chlotampllenieo!  aeelsl- 
transferase  gene  during  activation  ol  I  cells.  Mol  Cell.  Biol. 
6:3042-3(149 

42.  Strahler.  J.  R..  N.  Hailat.  B.  Lainh,  K.  P.  Rogers,  J.  A.  Underhill. 

R.  F.  Melhein.  D.  R.  Reins.  X.  Zhu.  R.  I).  Kuick,  I).  A.  Fox.  and 

S.  M.  Ilanash.  1992.  Activation  ol  resting  peripheral  blood 
lymphocytes  through  the  1  -cell  receptor  induces  rapiil  phosphor¬ 
ylation  of  Op  IS.  .).  Immunol.  149:119)  1148. 

43.  Tcrwilliger.  K-.  .1.  G.  Sudroski,  C.  A.  Rosen,  and  W.  A.  Haseltine. 
I486.  I. Heels  ol  mutations  within  the  3’  or /  open  reading  Iramc 
region  of  human  T-cell  Ivmphotropic  virus  ope  III  ill  1 1  V -III 
I.AV)  on  replication  and  cytopathogenieitv.  .1.  Vitol.  60:754-760. 

44.  lerwilliger,  K.  F„  K.  LanghofT,  I).  Gabuzda,  K.  Zazoponlos,  and 
W.  A.  Haseltine.  1991.  Allelic  variation  in  the  elleets  ol  the  net 
gene  on  replication  of  human  inummodelieienes  virus  type  1.  Proc. 
Natl.  Acad.  Sei.  USA  88:111971  - 10975. 

45.  Valge.  V.  K.,  J.  G.  P.  Wong,  I).  M.  Datlof,  A.  .1.  Sinskey.  and  A.  Rao. 
1988.  Protein  kinase  C  is  required  for  responses  to  T-cell  receptor 
ligands  hut  not  to  IE-2  in  T-cells.  (  ell  55:101-1 12. 

46.  Verweij.  C.  I...  M.  Geerts,  and  E,  A.  Aarden.  1991.  Activation  of 
interleukin-2  gene  transcription  via  the  T-cell  surface  molecule 
(1328  is  mediated  through  an  NE-KB-like  response  element.  J 
Biol.  Chem.  266:14179-14182. 

47  Vasumoto.  K..  S.  Okamoto,  N.  Mukaida,  S.  Murakai,  M.  Mai,  and 
K.  Matsushima.  1992.  Tumor  necrosis  factor  alpha  and  interferon 
gamma  synergist ically  induce  interleukin  8  production  in  a  human 
gastric  cancer  cell  line  through  acting  concurrently  on  AP-1  and 
NI-kB  like  binding  sites  of  the  interleukin  8  gene.  J.  Biol.  (  hem. 
267:22506-22511. 

48.  Zazopoulos,  E„  and  W.  A.  Haseltine.  1492.  Mutational  analysis  ol 
the  human  immunodeficiency  virus  type  I  Eli  Ncf  function.  Proc. 
Nall.  Acad.  Sei.  USA  89:66.34-6638. 


» 

I 


'■  .ill.  Acad.  Sci.  USA 
?P-  H895-11899.  December  1995 
-'logy 


’Mkfhly  localized  tracks  of  human  immunodeficiency  virus  type  1 
mf  m  the  nucleus  of  cells  of  a  human  CD4+  T-cell  line 

K.  G.  Murti  ft,  P.  S.  Brown*,  Lee  Ratner§,  and  J.  Victor  Garcia* 

•rv  ^mem  of  Vurology  and  Molecular  Biology,  St.  Jude  Children's  Research  Hospital,  332  North  Lauderdale,  P.O.  Box  318,  Memphis,  TN  38101-0318; 

'  ’v-Onroinov  Z'  I?lvcrsi|y  of  Tennessee,  The  Health  Science  Center,  800  Madison  Avenue,  Memphis,  TN  38163;  and  *Divisioo  of 
?  wa -Oncology,  Washington  University  School  of  Medicine.  660  South  Euclid  Avenue,  St.  Louis,  MO  63110 

(..mmun, rated  by  David  M.  Prescott.  September  7,  1993  (received  for  review  July  6.  1993) 


ABSTRACT  a  human  T-cell  line  constitutively  expressing 
the  nef  gene  from  the  human  immunodeficiency  virus  type  1 
SF2  isolate  was  used  to  examine  the  distribution  of  the  Nef 
protein  in  the  nucleus.  High-resolution  immunogold  label¬ 
ing  /  electron  microscopic  studies  with  polyclonal  anti-Nef  an¬ 
tibodies  on  nef*  and  nef~  cells  revealed  that  a  small  fraction 
i'  .s  in  the  nucleus  and  it  is  localized  in  specific  curvilinear 
e*tend  between  the  nuclear  envelope  and  the 
nucleoplasm.  An  examination  of  the  sequence  of  the  SF2  nef 
gene  revealed  a  putative  nuclear  targeting  sequence  that  was 
previously  found  in  several  other  eukaryotic  mideoplasmic 
proteins.  The  nuclear  localization  of  Nef  suggests  a  potential 
nuclear  function  for  this  protein.  The  presence  of  Nef  in  distinct 
nuclear  tracks  suggests  that  Nef  is  transported  along  a  specific 
pathway  that  extends  from  the  nuclear  envelope  into  the 
nucleoplasm.  A  previous  study  [Meier,  U.  T.  &  Blobel,  G. 

' (  127-138]  has  shown  that  the  nucleolar  protein 

°  *'er  ce**s  (Noppl40)  shuttles  from  the  nucleolus  to  the 
nuclear  envelope  on  distinct  tracks.  The  present  study  has 

D<flf  ,*ia*  transport  of  a  nudeoplasmic  protein  may 
•t^cur  on  distinct  nuclear  pathways. 

The  human  immunodeficiency  virus  (HIV)  is  a  complex 
rovmis  that  contains  several  genes  that  regulate  virus 
replication  and  gene  expression  (1-3).  The  role  of  one  of  these 
nfh  has  been  the  subject  of  a  great  deal  of  controversy 
e  IS  v°de<i  by  a  s‘n6,e  open  reading  frame  that 
-with  the  3'  long  terminal  repeat  of  HIV  and  simian 
“  .  ■■deficiency  virus  (SIV)  (4-6).  Nef  is  a  27-  to  32-kDa 
^un  1  at  ls  myristoylated  at  its  amino  terminus  (7-9).  In 
ha  .  ,ns!ances’  a  25-kDa  product  that  is  not  myristoylated 
dctcMl".  r?f°rted;  however.  this  form  of  Nef  is  not  always 
for  r,t  C  ,  °  ‘  is  detected  along  with  that  coding 

„,['and  ^  early  after  infection  (11).  The  presence  of 
in  m  - 1CS  reactive  w'th  Nef  in  patients  infected  with  HIV  or 
f  1  <nfe«Cd  W'tb  *s  ev'dence  of  nef  expression 
—15).  Although  Nef  is  not  required  for  replication 
n  is  present  in  HIV-1.  HIV-2,  and  SIV  (4).  The 
c  ‘lon  °*  this  gene  in  all  three  viruses  can  be  consid- 

r'1  'ndication  that  nef  might  have  an  effect  on  virus 
jJ  , lon  or  d'sease  progression.  Indeed,  experiments  con- 
U?ne  V  imac239  isolate)  indicate  that  nef  plays  an 
i'an  ,,C  ‘n  tbe  development  of  disease  in  vivo  (lb). 
pr0,  ,now!  et  ge  nf  the  subcellular  distribution  of  Nef  may 
''odie^  C  UCS  t0  'tS  func,'on-  Previous  light  microscopic 
i,v.  using  immunofluorescence  or  immunoperoxidase 
-i'^UeS  "ave  found  Nef  primarily  in  the  cytoplasm  (7, 

4  JS  -ociated  with  the  plasma  membrane,  Golgi  complex, 
e  Piasmic  reticulum.  A  recent  biochemical  study  has 

*  A  J'ed  that  a  substantial  fraction  of  Nef  of  HIV-1 
3^  tcs  w‘’h  the  cytoskeletal  fraction  of  T  lymphocytes 

cw,  Costs  of  th,s  article  were  defrayed  in  part  by  page  charge 
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and  that  the  association  is  enhanced  by  myrisloylation  of  Nef 
(20).  The  distribution  of  Nef  in  the  nucleus  remains  contro¬ 
versial.  Some  recent  studies  using  immunocytochemical 
techniques  at  the  light  microscopic  level  have  described  the 
possible  association  of  Nef  with  the  nuclear  envelope  and  the 
nucleoplasm  (18,  19,  21).  In  this  study  we  have  attempted  to 
resolve  the  question  of  the  nuclear  localization  of  Nef  in 
human  T  cells  using  the  high-resolution  method  of  immu- 
nogold/electron  microscopy.  The  studies  done  with  a  highly 
specific  polyclonal  antiserum  to  Nef  have  revealed  that  a 
fraction  of  Nef  is  localized  in  distinct  tracks  in  the  nucleus. 

MATERIALS  AND  METHODS 

Cells  and  Antibodies.  HPBALL  human  CD4+  T  cells  ex¬ 
pressing  nef  (HPBALL/Lne/SN-Sl)  or  transduced  with  a 
control  vector  (HPBALL/LN)  have  been  described  (22). 
Cells  were  grown  in  RPMI  medium  containing  25  mM  Hepes 
and  supplemented  with  10%  fetal  bovine  serum,  penicillin, 
and  streptomycin.  A  rabbit  anti-Nef  polyclonal  antiserum 
(23)  whose  specificity  was  established  by  Western  blot  anal¬ 
ysis  (see  Fig.  1)  was  used  in  immunogold  labeling  studies. 
Monoclonal  anti-vimentin  (no.  814318)  and  anti-actin  (no. 
1378996)  antibodies  were  obtained  from  Boehringer  Mann¬ 
heim.  Monoclonal  anti-tubulin  (no.  MAB065)  antibodies 
were  purchased  from  Chemicon.  The  specificity  of  three 
antibodies  was  established  by  immunofluorescence  and/or 
Western  blot  analysis. 

Western  Blot  Analysis.  To  determine  the  specificity  of  the 
rabbit  anti-Nef  polyclonal  antiserum,  HPBALL/Lne/SN  or 
LN  cells  were  lysed  in  1%  Nonidet  P-40  buffer  and  proteins 
were  separated  by  SDS/PAGE  on  a  12.5%  gel.  Proteins  were 
transferred  to  a  nitrocellulose  filter,  probed  with  the  anti-Nef 
antiserum  (1:500  dilution),  and  developed  with  goat  anti- 
rabbit  alkaline  phosphatase  secondary  antibody  essentially 
as  described  (24). 

Immunofluorescence  and  Immunogold  Labeling.  Immuno¬ 
fluorescence  was  performed  as  described  (25).  Briefly,  cells 
were  spun  (Cytospin)  onto  glass  slides,  fixed  with  3.7% 
paraformaldehyde,  and  permeabilized  with  acetone.  Cells 
were  then  incubated  with  the  primary  antibodies  [diluted  10- 
to  20-fold  with  phosphate-buffered  saline  (PBS)]  at  37°C  for 
1  hr.  After  thorough  rinsing,  cells  were  incubated  as  above 
with  fluorescein-conjugated  goat  anti-rabbit  antibodies  (ICN ; 
diluted  10-fold  with  PBS).  The  slides  were  viewed  and 
photographed  in  a  Zeiss  IM35  microscope. 

Immunogold  labeling  was  done  as  described  (26,  27)  with 
slight  modifications.  Cells  were  fixed  in  2.0%  paraformaldc- 
hyde/0.05%  glutaraldehyde  in  0.01  M  sodium  cacodylate 
buffer,  dehydrated  in  15%,  30%,  and  50%  ethanol  for  15  min 
each,  and  stained  with  2%  uranyl  acetate  in  50%  ethanol  for 
30  min.  They  were  further  dehydrated  in  70%  and  100% 

Abbreviations:  HIV,  human  immunodeficiency  virus;  SIV,  simian 
immunodeficiency  virus. 
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ethanol  for  15  min  each  and  immersed  in  1:1  ethanol/LR 
White  resin  (Polyscience)  for  1  hr.  Finally,  they  were  em¬ 
bedded  in  LR  White  resin  for  24  hr  at  50°C.  Sections  were  cut 
with  a  diamond  knife  on  a  Sorvall  MT  6000  ultramicrotome 
and  picked  up  on  nickel  grids.  For  antibody  labeling,  grids 
bearing  sections  were  floated  on  drops  of  primary  antibodies 
(anti-Nef  or  anti-cytoskeleton)  diluted  10-  to  20-fold  in  Tris- 
buffered  saline  (TBS,  500  mM  NaCI/25  mM  Tris,  pH  7.6) 
containing  0.1%  fish  gelatin  and  0.5%  bovine  serum  albumin. 
Incubation  was  carried  out  at  10°C  for  16  hr.  Grids  were 
rinsed  with  TBS  and  floated  on  gold-conjugated  second 
antibodies  (Amersham)  diluted  20-fold  with  TBS  containing 
fish  gelatin  and  bovine  serum  albumin.  Incubation  with  the 
gold-conjugated  antibody  was  carried  out  at  21°C  for  3  hr. 
After  thorough  rinsing,  grids  were  stained  with  Reynold’s 
lead  citrate  before  electron  microscopic  examination.  All 
samples  were  examined  in  a  Philips  EM301  electron  micro¬ 
scope  operated  at  80  kV. 

RESULTS 

Nef  Expression  in  HPB-ALL  Cells.  We  have  established  a 
series  of  cell  populations  that  constitutively  express  the  nef 
gene  of  HIV-1  (SF2  isolate;  refs.  6  and  22).  The  human  T-cetl 
line  HPBALL/Lne/SN-Sl  was  chosen  to  determine  the 
intracellular  distribution  of  Nef  because  it  is  a  human  CD4+ 
T-cell  line  susceptible  to  HIV  infection.  As  shown  in  Fig.  1, 
HPBALL/L/re/SN-Sl  cells  express  a  27-  to  29-kDa  protein 
that  reacts  specifically  with  a  rabbit  anti-Nef  antiserum. 
These  cells  were  originally  isolated  by  fluorescence-activated 
cell  sorting  on  the  basis  of  their  low  CD4  cell  surface  levels 
(22).  A  low  level  of  surface  CD4  expression  correlates  with 
Nef  expression  and  serves  as  an  indicator  of  the  presence  of 
a  functional  nef  gene  (22,  24). 

Localization  of  Nef  by  Immunofluorescence.  As  a  prelude  to 
the  immunogold/electron  microscopy  studies  to  map  the 
subcellular  localization  of  Nef,  we  performed  immunofluo¬ 
rescence  studies  wi'h  a  polyclonal  anti-Nef  antiserum  on 
nef -  (HPBALL/LN)  and  nef*  (HPBALL/Lne/SN-SI) 
cells.  As  shown  in  Fig.  2,  the  cells  are  generally  round  and 
contained  a  large  kidney-shaped  nucleus  that  filled  most  of 
the  volume  of  the  cell.  The  cytoplasm  was  polar  and  was  most 
abundant  near  an  indentation  of  the  nucleus,  typically  seen  in 
T  cells.  In  nef*  cells,  the  anti-Nef  antibody  revealed  a 
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Fig.  1.  Specificity  of  anti-Nef  rabbit 
polyclonal  antiserum.  Extracts  from  HP- 
BAI I  cells  transduced  with  Lne/SN  or 
a  axaroi  vector,  LN,  were  separated  by 
SDS  PACE  on  12.5%  gels,  and  Nef  was 
detected  by  Western  blot  analysis  with  a 
rabbit  anti-Nef  specific  antiserum  using 
alk2fine  phosphatase-labeled  goat  anti- 
rabbit  antibodies  (heavy  chain  specific) 
as  described  in  the  text.  The  position  of 
Nef  oo  the  gel  is  indicated.  Positions  of 
prestained  molecular  mass  standards  are 
indicated  in  kDa. 


homogeneous  labeling  of  the  cytoplasm  (Fig.  2  A).  In  general, 
the  distribution  of  Nef  seems  polar  but  this  evidently  is  due 
to  the  polar  distribution  of  the  cytoplasm;  the  thin  ring  of  the 
cytoplasm  surrounding  the  nucleus,  when  visible,  also 
showed  labeling.  The  nuclei,  in  general,  showed  little  or  no 
fluorescence  (Fig.  2A).  However,  focusing  of  the  nuclei  at 
different  planes  revealed  narrow  bands  of  fluorescence  in 
some  nuclei  (Fig.  2 B).  These  bands  were  seen  in  8  of  the  89 
nuclei  examined  and  each  nucleus  showed  only  one  band. 
The  bands  are  very  faint  and  required  long  exposures  to 
photograph  them.  No  fluorescence  was  observed  in  nef~ 
cells  incubated  with  the  anti-Nef  serum  (Fig.  2C)  or  ir  nefX 
cells  incubated  with  normal  rabbit  serum  (Fig.  2D),  although 
several  hundred  of  these  cells  were  examined. 

Nuclear  Localization  of  Nef  by  Immunogold  Electron  Micros¬ 
copy.  The  technique  used  for  immunogold  labeling  was  the 
post-embedding  method  (27).  Fixed  and  dehydrated  cells  are 
embedded  in  a  water-soluble  embedding  resin  (LR  White)  and 
sectioned,  and  sections  are  incubated  with  primary  and  sec-' 
ondary  (gold-conjugated)  antibodies.  We  have  maintained 
three  sets  of  controls  to  ensure  the  specificity  of  the  antibodies 
used.  First,  we  performed  the  immunogold  labeling  with 
anti-Nef  antibodies  using  sections  of  HPBALL/LN  control 
cells  (nef~).  As  shown  in  Fig.  3A,  the  nonspecific  binding  of 
the  anti-Nef  antibodies  in  these  cells  was  negligible.  Second, 
as  a  control  for  nonspecific  binding  of  printary  and  gold- 
conjugated  secondary  antibodies,  we  performed  immunogold 
labeling  on  nef*  (HPBALL/Lne/SN-SI)  cells  using  normal 


Fig.  2.  Immunofluorescence  analy-  J 
sis  of  Nef*  (HPBALl./Lne/SN-Sl)  and 
Nef"  (HPBALL./LN)  cells  with  antise¬ 
rum  against  Nef.  (A)  Nef*  cells  labeled 
wiih  the  anti-Nef  antiserum  show  label  in 
the  cytoplasm.  (B)  The  Nef*  cells  labeled 
as  in  A  were  focused  on  the  interior  of  the 
nucleus.  Note  a  fluorescent  band  across 
the  nucleus.  (C)  Nef-  cells  labeled  with 
the  anti-Nef  antiserum  were  not  labeled. 

U>)  Nef*  cells  labeled  with  normal  rabbit 
scrum  were  also  not  labeled.  (x800.) 


Fig.  3.  Electron  micrographs  of  controls  for  the  immunogold 
labeling  technique.  (A)  Nef~  cells  were  incubated  with  polyclonal 
anti-Nef  antiserum  followed  by  gold-conjugated  anti-rabbit  antibody. 
Labeling  of  cytoplasmic  and  nuclear  components  is  negligible.  ( B ) 
Nef+  cells  were  incubated  with  normal  rabbit  antiserum  followed  by 
goat  anti-rabbit  antibody  coiyugated  with  gold  particles.  No  nonspe- 
tbcling  of  either  cytoplasm  or  nucleus  is  evident.  (C)  Nef +  cells 
incubated  with  a  monoclonal  anti-intermediate  filament  (vi- 
mentin)  antibody  followed  by  gold-conjugated  (anti-mouse)  second 
antibodies.  The  label  is  seen  over  intermediate  filaments  (IF).  M, 
mitochondrion;  C,  centriole;  N,  nucleus;  Cy,  cytoplasm.  (A,  x8100; 
B,  x8550;  C,  X19.800.) 


rabbit  antisemm  followed  by  gold-conjugated  anti-rabbit  an¬ 
tibody.  The  results  illustrated  in  Fig.  3 B  show  that  neither  the 
rabbit  serum  proteins  nor  the  secondary  antibodies  bind 
nonspecifically  to  nef*  cells.  Finally,  to  check  for  the  speci¬ 
ficity  of  labeling  of  subcellular  structures  by  immunogold 
labeling  method  used  here,  nef  *  cells  were  labeled  with  an 
anti-vimentin  (intermediate  filament)  specific  antibody.  The 
intermediate  filaments  are  readily  identifiable  cytoplasmic 
structures  that  provide  convenient  markers  to  test  the  reso¬ 
lution  and  specificity  of  immunogold  labeling  The  results 
illustrated  in  Fig.  3C  show  the  exclusive  distribution  of  label 
over  the  10-nm  intermediate  filaments.  Little  or  no  labeling  in 
the  nucleus  was  observed  in  any  of  these  controls.  These 
studies  suggest  that  the  immunogold  technique  used  here 
provides  specific  labeling  of  subcellular  structures. 

When  T  cells  expressing  Nef  (HPBALL/LnefSN-Sl) 
were  examined  by  the  immunogold  labeling  method,  the 
results  were  as  follows.  In  a  few  sections  of  the  nuclei  the 
label  due  to  Nef  was  detected  in  highly  localized  tracks  that 
extended  between  the  nuclear  envelope  and  the  nucleoplasm . 
Fig.  4  illustrates  these  tracks  in  sections  of  three  different 
nuclei  (A-C).  The  longest  of  the  tracks  measured  about  7  gim 
(Fig.  4A)  and  the  tracks  appeared  to  commence/terminate  at 
th<*  '•ytoplasmic  side  of  the  nuclear  envelope  (Fig.  4 B).  The 
t;  were  seen  in  only  4  nuclei  among  100  examined  and 
seiioi  sections  revealed  only  one  track  per  nucleus.  It  is 
possible  that  these  tracks  may  occur  with  greater  frequency 
than  that  observed  but  that  they  are  not  detectable  due  to 
technical  reasons.  The  tracks  occur  in  thin  bands  and  occupy 
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a  fraction  of  the  total  nuclear  volume  and,  therefore,  their 
dctection  would  depend  on  their  perfect  alignment  to  the 
plane  of  sectioning.  In  addition  to  the  tracks,  a  small  amount 
of  label  is  also  found  in  the  nucleoplasm  but  the  nucleoli  are 
totally  free  from  the  label.  These  tracks  may  correspond  to 
the  fluorescence  bands  observed  in  a  few  nuclei  by  the 
immunofluorescence  method  (Fig.  2 B).  A  thorough  exami¬ 
nation  of  sections  of  hundreds  of  nuclei  of  nef~  cells  incu¬ 
bated  with  anti-nef  serum  and  nef  *  cells  incubated  with 
normal  serum  has  failed  to  reveal  any  nuclear  labeling.  In  fact 
there  is  only  one  other  instance  in  published  literature 
concerning  a  nuclear  protein  that  forms  tracks  in  the  nucleus. 
A  study  by  Meier  and  Blobel  (28)  has  shown  that  a  nucleolar 
phosphoprotein  (Noppl40)  of  rat  liver  cells  shuttles  on  tracks 
that  extend  between  the  nucleolus  and  nuclear  pore  com¬ 
plexes.  The  Nef  tracks  are  different  from  Noppl40  tracks  in 
that  they  traverse  the  nucleoplasm  with  no  relationship  to  the 
nucleolus. 

In  the  cytoplasm  (data  not  shown)  the  label  due  to  Nef  was 
most  abundant  near  the  indentation  of  the  nucleus  as  was  the 
case  with  cells  processed  by  immunofluorescence  (see  Fig. 
2A);  this  region  contained  most  of  the  cell  organelles,  includ¬ 
ing  the  microtubule  organizing  center,  Golgi  complex,  and 
vesicles. 

Do  the  Nuclear  Tracks  Represent  Cytoskeletal  Filaments?  It 
has  been  hypothesized  that  the  transport  of  RNA  (29, 30)  and 
proteins  (28)  occurs  on  specific  tracks  in  the  nucleus  and  that 
these  tracks  may  be  composed  of  cytoskeletal  filaments  (e.g., 
microfilaments,  microtubules,  or  intermediate  filaments).  To 
determine  if  any  of  these  filaments  form  tracks  within  the 
nucleus  of  T  cells,  we  have  conducted  immunogold  labeling 
studies  with  anti-tubulin,  anti-vimentin,  and  anti-actin  anti¬ 
bodies.  The  nuclei  remained  largely  unlabeled  with  either 
anti-vimentin  (Fig.  3C)  or  anti-tubulin  antibodies  (data  not 
shown).  However,  anti-actin  antibodies  showed  some  label¬ 
ing  of  the  nuclei  (Fig.  5).  Although  not  as  clear  as  Nef  tracks, 
the  label  due  to  actin  showed  a  preferential  alignment  in  the 
nucleus.  Additionally,  short  tracks  of  actin  were  seen  ex¬ 
tending  between  the  nuclear  envelope  and  the  nucleoplasm 
(Fig.  5).  These  results  are  consistent  with  previous  biochem¬ 
ical  evidence  for  the  presence  of  actin  in  the  nucleus  (for 
references,  see  ref.  28)  and  its  proposed  role  in  the  shuttling 
of  proteins  between  the  nucleus  and  cytoplasm  (28). 

DISCUSSION 

The  nef  gene  is  present  in  HIV  and  SIV  and  several  functions 
have  been  ascribed  to  it.  These  functions  include  a  negative 
effect  on  HIV  replication  in  vitro  (31-34).  down-regulation  of 
CD4  from  the  cell  surface  (8,  22,  24),  and  binding  and 
hydrolysis  of  GTP  (35).  Conflicting  reports  have  also  been 
published  questioning  the  role  of  Nef  in  each  of  the  above 
functions  (9.  36).  The  issue  of  the  biological  function  of  Nef 
is  further  complicated  by  the  fact  that  isoforms  of  Nef  exist 
that  differ  either  in  the  primary  amino  acid  sequence  or  in 
their  posttranslational  modification  (37)  and  these  isoforms 
may  have  different  functions. 

In  an  attempt  to  gain  insights  into  the  function  of  Nef, 
earlier  studies  have  focused  on  the  intracellular  localization 
of  Nef  using  immunocytochemical  studies  at  the  light  micro¬ 
scopic  level  (7,  17-19,  21)  and  obtained  varied  results.  Initial 
studies  suggested  an  exclusive  cytoplasmic  distribution  of 
Nef  (7.  17),  whereas  three  recent  studies  indicated  the 
presence  of  Nef  in  the  nucleus  as  well  (18,  19.  21)  In  the 
present  study  our  objective  was  to  obtain  a  more  precise 
intracellular  localization  of  Nef  using  immunogold  labeling 
techniques  at  the  electron  microscopic  level 

The  studies  described  here  have  important  implications  for 
the  function  of  Nef  in  HIV-1  life  cycle  and  for  the  general 
question  of  the  import  of  proteins  into  the  nucleus  The\  have 
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Fig.  4.  Electron  micrograph 
showing  immunogold  labeling  of 
the  nuclei  of  three  different  Nef* 
cells.  Note  the  tracks  of  gold  par¬ 
ticles  extending  from  the  nuclear 
envelope  to  the  nucleoplasm  in  A 
and  B.  ( A )  Arrows  mark  the  track 
of  Nef  label.  (B)  The  tracks  of  Nef 
appear  to  originate  in  the  cyto¬ 
plasm  (arrowhead).  (C)  Part  of  the 
Nef  track  at  high  magnification. 
NE,  nuclear  envelope:  Cy,  cvto- 
plasm.  (A,  X23.800 ;  fl.  X30.800; 
C,  x  56,700.) 


shown  that  a  fraction  of  Nef  is  present  in  the  nucleus  and  that 
it  occurs  in  localized  tracks  within  the  nucleopl.vm  7  i  • 
precise  nuclear  role  of  nuclear  Nef  remains  unknown  but 
some  previous  studies  have  suggested  a  regulators  role  for 
Nef  in  the  HIV  gene  expression  (31-34).  The  localization  of 
Nef  in  distinct  tracks  in  the  nucleoplasm  is  significant  in  view 
of  transport  of  proteins  into  the  nucleus.  The  first  example  of 
a  nuclear  protein  that  occurs  in  tracks  is  the  nucleolar 


I  t'.  5.  Electron  micrograph  showing  immunogold  labeling  ol  the 
nucleus  of  Nef'  cells  with  a  monoclonal  anti  iioin  antihod'.  In  ihc 
nucleus  the  actm  label  shows  preferential  alignment  along  (r.i,  ks 
f/'iwo  Short  t-uck  of  actm  label  near  the  nuclear  envelop.  'Ni  l 
'  ■  .'  '  non .  In  s,  : .  •  40 .Son  i 


phosphoprotein  (Noppl40)  of  rat  liver  cells  (28).  Noppl40 
binds  nuclear  localization  signal  peptides  and  shuttles  be¬ 
tween  the  nucleolus  and  cytoplasm.  Immunogold  labeling 
studies  have  shown  that  this  protein  occurs  in  tracks  that 
extend  from  the  nuclear  envelope  to  the  fibrillar  component 
of  the  nucleolus.  These  results  led  the  authors  (28)  to  suggest 
that  Noppl40  shuttles  on  distinct  tracks  that  may  he  com¬ 
posed  of  act  in  with  the  motive  force  for  transport  being 
generated  by  the  putative  nuclear  myosin  motors.  Allhough 
details  of  the  mechanism  of  nuclear  transport  r.  main  to  be 
resolved,  it  appears  that  most,  if  not  all.  macromolecular 
traffic  including  that  of  mRNA  molecules  (29.  30)  proceeds 
on  distinct  nuclear  pathways  To  out  knowledge,  demonstra¬ 
tion  of  a  nuclcoplaxmic  protein  on  distinct  tracks  has  not  been 
reported  previously.  The  Nel  tracks  in  the  nucleus  remark¬ 
ably  resemble  the  Noppl40  tracks  and.  like  the  latter,  may 
represent  nuclear  transport  pathways.  The  fact  that  there  is 
only  one  Nef  track  per  nucleus  suggests  that  Nef  traverses  to 
the  nucleus  along  a  single  specific  pathway  into  the  nucieo- 
plasm.  As  has  been  suggested  before  for  NoppMO  (28).  the 
specificity  may  reside  in  the  nueleai  pore  complex  to  which 
the  protein  binds  and  to  which  I  lie  track  is  presumable 
anchored 

ITcmoiis  studies  have  shown  that  the  eukaiyottc  nucleus 
contains  an  otg.itii/ed  in.it 1 1 \  <4  proteinaceous  filament  that 
provides  a  s, . ill, ■!..!  !  ’  l lie  organization  and  liaKlioti  ot  the 
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! nuclear  components  (for  references,  see  ref.  38).  Recent 
studies  have  shown  that  various  biochemical  reactions,  in¬ 
cluding  DNA  replication,  transcription,  and  RNA  process¬ 
ing,  take  place  on  defined  regions  of  the  nuclear  matrix  and 
Jle  matrix  may  also  provide  tracks  for  the  movement  of 
proteins  and  RNA  transcripts  (28-30)  in  and  out  of  the 
nucleus.  The  identity  of  proteins  that  compose  the  nuclear 
matrix  remains  to  be  resolved.  Some  studies  have  implicated 
lamins  (proteins  of  the  fibrous  lamina  beneath  the  inner 
nuclear  membrane)  in  forming  the  nuclear  matrix  (39);  lamins 
are  related  to  proteins  of  cytoplasmic  intermediate  filaments 
and  can  form  coiled-coil  rods,  which,  in  turn,  can  associate 
to  form  higher  order  structures  (40).  Another  protein  that  has 
been  detected  in  the  nucleus  (for  references,  see  ref.  28)  and 
is  believed  to  compose  the  matrix  is  actin.  It  has  also  been 
speculated  that  actin  may  provide  tracks  in  the  nucleus  along 
which  macromolecules  move  in  and  out  of  the  nucleus  (28). 
A  recent  study  has  demonstrated  the  affinity  of  HIV-1  Nef  to 
the  cytoskeletal  components  in  vitro  and  in  vivo  (20).  All  of 
these  findings  led  us  to  conduct  a  preliminary  immunogold 
labeling  study  to  determine  if  any  of  the  major  cytoskeletal 
proteins  occur  in  tracks  within  the  nucleus.  The  results 
suggested  that,  among  the  cytoskeletal  proteins,  actin  apt- 
pears  to  form  short  tracks  within  the  nucleus. 

The  localization  of  Nef  in  the  nucleus  also  led  us  to  search 
for  a  nuclear  localization  signal  in  the  nef  sequence.  Since 
Nef  is  found  in  the  nucleoplasm  and  not  in  the  nucleolus,  we 
focused  on  localization  sequences  on  nucleoplasmic  pro¬ 
teins.  Previous  studies  with  Xenopus  oocyte  nuclear  proteins 
(nucleoplasmin  and  Nl)  have  shown  that  these  proteins  share 
a  bipartite  nuclear  targeting  motif  (41).  The  motif  consists  of 
a  16-amino  acid  sequence  with  two  basic  residues  at  the 
amino-terminal  end,  10  “spacer"  residues,  and  a  cluster  of  4 
v-asic  residues  at  the  carboxyl-terminal  end  (see  below). 

"lino  acids  in  both  basic  domains  are  required  for  nuclear 
~Jgeting  and  the  transport  defect  of  a  mutation  in  one  domain 
is  amplified  by  a  simultaneous  mutation  in  the  other.  In 
addition  to  Xenopus  proteins,  a  number  of  eukaryotic  and 
viral  nuclear  proteins  contain  this  motif  (41).  The  SF2  clone 
of  Nef  used  here  also  shares  this  motif  (24). 

Nucleoplasmin  KRpaatkkagqaKKKK 

Thyroid  al  KRvakrklieqnReRRR 

Nef-SF2  KRsmggwsaireRmRR 

The  presence  of  the  nuclear  targeting  sequence  may  be 

required  but  not  sufficient  for  the  nuclear  localization  of  Nef. 
Indeed,  a  substantial  fraction  of  Nef  appears  to  be  cytoplas¬ 
mic  associating  with  organelles  and  cytoskeletal  elements, 
suggesting  that  it  may  disrupt  host  cytoplasmic  activities.  It 
is  still  possible  that  a  fraction  of  Nef  has  a  nuclear  function 
that  is  yet  to  be  identified. 
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Human  immunodeficiency  virus  isolates  express  a  Nef  protein  with  either  an  alanine  or  a  threonine  at  amino  acid  residue 
15  The  threonine  residue  is  a  site  for  phosphorylation  by  protein  kinase  C  Jurkat  T  cells  constitutively  expressing  the 
alanine  variant  of  Nef  exhibit  the  ability  to  downregulate  the  induction  of  transcription  factors  NF-kB  and  AP-l  In  contrast, 
Jurkat  cells  with  the  threonine  variant  of  Nef  are  at  least  partially  restored  in  their  ability  to  recruit  NF-kB  and  AP-1  r  1994 
Academic  Press,  tnc 


Human  immunodeficiency  virus  (HIV)  "negative  factor” 
(Nef)  protein  is  the  product  of  the  nef  gene,  a  regulatory 
gene  shown  to  be  dispensable  for  virus  replication  in 
vitro  (?)  but  essentia1  for  virus  pathogenicity  in  vivo  in  an 
animal  model  with  simian  immunodeficiency  virus  (2). 
The  mechanism  by  which  Nef  affects  HIV  infection/dis¬ 
ease  is  still  poorly  understood.  Nef  has  been  shown  to 
downregulate  surface  expression  of  CD4  in  T  cells  (3, 
4).  It  has  also  been  shown  to  downregulate  transcription 
factors  NF-kB  and  AP-1  in  vitro  (5,  6). 

Structural  studies  of  Nef  have  shown  that  this  protein 
is  myristoylated  at  the  N  terminus  (7),  and  acylation  has 
been  suggested  to  be  important  for  its  association  with 
cell  membranes  (8.  9).  In  addition,  a  potential  protein 
kinase  C  (PKC)  phosphorylation  site  at  threonine  15  of 
HIV-1  Nef  and  serine  10  of  HIV-2  Nef  have  been  identified 
(3,  10).  These  potential  phosphorylation  sites  are  homolo¬ 
gous  to  those  present  in  p60s,c  and  epidermal  growth 
factor  receptor  {11).  Different  Nef  variants  have  an  ala¬ 
nine  residue  at  position  15  (Nef  1)  or  a  threonine  (Nef  2) 

(12) .  Conversion  of  threonine  15  to  an  alanine  residue 
results  in  the  loss  of  Nef  phosphorylation  (3).  Though 
other  Nef  phosphorylation  sites  have  been  proposed, 
there  is  no  evidence  that  they  are  utilized  (12).  The  cur¬ 
rent  study  was  undertaken  to  determine  the  importance 
of  the  threonine  15  phosphorylation  site  with  regards  to 
the  ability  of  Nef  to  downregulate  transcription  factors. 

Human  Jurkat  J25  T-cell  clonal  cell  lines  were  selected 
after  transfection  with  plasmids  containing  the  gene  for 
either  Nef  1  (133,  22D8)  or  Nef  2  ( 1 0H  1 0,  1F8)  under  the 
control  of  the  simian  virus  40  enhancer  and  human  T- 
cell  leukemia  virus  promoter  as  previously  described 

(13) .  The  products  Nef  1  and  Nef  2  proteins  differ  at 

:  T0  whom  corresncnij^nco  and  ropnnt  'Hquests  should  be  ad 
dressed. 


ammo  acid  positions  15,  29,  and  33  (Fig.  1A).  Jurkat  cel! 
clones  were  also  made  with  the  plasmid  with  the  Nef  1 
sequence  mutated  at  position  15  from  threonine  to  ala¬ 
nine  [Nef  1  clones  18  and  19],  or  with  the  plasmid  with 
the  Nef  2  sequence  mutated  at  position  15  from  alanine 
to  threonine  [Nef  2  clones  13  and  16],  All  these  clones 
have  been  shown  previously  to  show,  in  the  absence  of 
stimulation,  minimal  LTR-driven  activity  as  well  as  recruit¬ 
ment  of  transcriptional  factors  NF-kB  and  AP-1  (defined 
as  the  increase  in  the  nuclear  traction  of  the  active  forms 
of  these  factors).  These  characteristics  are  not  unique 
to  these  cell  clones  and  have  also  been  observed  with 
other  Jurkat  cell  lines  (E6-1)  and  HP-BALL  cells  (5,  13). 
In  addition,  these  cell  lines  respond  appropriately  to  T- 
cell  stimulants  including  phorbol  myristate  (PMA),  phyto¬ 
hemagglutinin  (PHA),  antibodies  to  CD3,  antibodies  to 
CD2,  as  well  as  antibodies  to  the  T-cell  receptor,  TNF 
and  IL-1,  indicating  that  their  signal  transduction  path¬ 
ways  are  functional. 

Figure  IB  shows  the  Western  blot  analysis  of  all  the 
cell  lines,  including  the  parental  cell  line  22F6.  For  this 
study,  cells  were  kept  in  log  phase  growth  and  immuno- 
precipitation  and  immunoblot  analysis  was  performed 
with  a  rabbit  antiserum  as  previously  described  (5).  Nef 
was  detected  by  the  rabbit  antiserum  in  all  clones  except 
22F6  and  to  a  similar  level. 

In  order  to  examine  which  Nef  proteins  can  be  phos- 
phorylated,  [’  PJorthophosphaie  labeling  was  performed 
as  described  (14).  Briefly.  10  cells  were  grown  in  phos¬ 
phate-free  media  for  4  hr  arid  then  [  P]H(PO.,,  (ICN  Bio- 
medicals.  Irvine,  CA)  was  added  at  0.2  mCi.  rnl.  Cells 
were  then  stimulated  with  50  ng/ml  PMA  and  13  jjg/ml 
PHA  for  4  hr,  or  with  sterile  water  as  a  control.  Immuno- 
precipitation  was  carried  out  as  above  except  that  phos¬ 
phatase  inhibitors  (50  rn/lf  NaF,  10  m M  Na(  VO.-.,  and  50 
m/W  /J-glycerolphosphate)  were  added  to  the  RlPA  buffer 
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Fig.  1.  (A)  Structure  of  Net  expression  plasmids.  Numbers  on  top 
show  Nef  protein  amino  acid  residues,  with  number  1  indicating  the 
initiator  methionine.  Differences  in  residues  between  Nef  1  and  Nef  2 
for  the  specified  positions  are  indicated  for  each  clone.  (B)  Western 
blot  analysis  of  Jurkat  cell  clone  extracts  immunoprecipitated  wTh  rab¬ 
bit  anti-Nef  antiserum  (5).  These  include  parental  cell  line  (22F6).  Nef 
t  expressing  clones  (133,  22D8),  Nef  2  expressing  clones  (1F8.  10H10), 
Nef  1  mutants  (13,  19).  and  Nef  2  mutants  (13,  16).  Positions  of  molecu¬ 
lar  weigh!  markers  are  indicated  on  the  left.  (C)  Jurkat  cell  clone  extracts 
a‘;er  [3,,Pjcrthophosphate  labeling  and  immunoprecipitation  with  rabb-t 
gr.ti-Ne!  antiserum  Positions  of  molecular  weight  markers  (kd)  are 
.ndicated  on  the  left. 


Immunoprecipitates  were  then  analyzed  by  SDS-PAGE 
followed  by  autoradiography.  The  results  are  shown  in 
Fig.  1C.  Jurkat  cells  expressing  Nef  variants  carrying  a 
threonine  at  position  15  (Nef  2  clone  10H10  and  mutant 
Nef  1  clone  18)  showed  phosphorylation  after  stimulation 
with  PMA  and  PHA  while  neither  of  the  clones  with  an 
alanine  at  position  15  (Nef  1  clone  133,  mutant  Nef  2 
clone  13)  showed  a  significant  amount  of  phosphoryla¬ 
tion.  No  phosphorylation  was  detected  in  the  absence 
of  PMA  and  PHA  treatment. 

To  examine  the  effect  of  each  Nef  variant  on  the  re¬ 
cruitment  into  the  nucleus  of  active  transcription  factors, 
electrophoretic  mobility  shift  assays  (EMSA)  were  per¬ 
formed  with  nuclear  extracts  prepared  from  the  different 
Jurkat  cell  clones,  after  stimulation  with  PMA  and  PHA 
for  4  hr  or  after  stimulation  for  the  same  period  of  time 
with  sterile  saline,  as  previously  described  (15.  16).  For 
EMSA  double  ctra -.Cod  3?P  labeled  oligceeclectidce 
were  used  which  include  the  binding  sites  of  transcrip¬ 
tion  factors  SP-1,  NF-kB,  and  AP-1  (5).  Nuclear  extracts 
were  normalized  for  protein  concentration  with  the  Brad¬ 
ford  reagent  (Bio-Rad)  using  bovine  serum  albumin  as 
a  standard.  EMSA  was  performed  using  the  probe  for 
noninducible  transcriptional  factor  SP-1  to  control  for  the 
quality  of  the  extracts  (Fig.  2A).  Recruitment  of  transcrip¬ 
tion  factors  NF-kB  and  AP-1  in  the  absence  of  PMA  and 
PHA  stimulation  was  negligible  (data  not  shown).  Figure 
2B  shows  downregulation  of  NF-kB  in  Jurkat  T  cells  ex¬ 
pressing  Nef  1  (22D8,  1 33)  as  compared  with  the  parental 
cell  line  22F6.  On  the  contrary,  cell  clones  expressing 
Nef  2  (1F8,  10H10)  showed  no  difference  in  NF-kB  induc¬ 
tion  from  that  of  22F6  cells.  Results  for  AP-1  recruitment 
are  shown  in  Fig.  2C  and  were  similar  to  those  for  NF- 
kB.  AP-1  was  downregulated  in  cells  expressing  Nef  1 
but  not  in  those  expressing  Nef  2. 

Figure  3  shows  mobility  shift  assays  in  which  the  com¬ 
parison  is  made  between  parental  cell  line  22F6,  Nef  1 
producing  cell  clone  22D8,  and  clones  18  and  19  in  which 
the  Nef  1  protein  has  been  modified  with  a  threonine 
instead  of  an  alanine  at  position  15.  SP-1  activity  from 
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Fig  2  Electrophoretic  mobility  shift  assays  performed  from  nuclear  extracts  with  3‘P-labeled  oligonucleotide  probes  for  binding  sites  of  (A)  SP 
t.  (B)  NF  k.8.  and  (C)  AP  I  Cell  clones  22F6  (parental  cell  line),  133  and  ??D8  (Nef  1  expressing  clone).  1 F 8  and  10H10  (Nef  2  expressing  clone), 
18  and  19  (mutant  Nef  1  clones).  13  and  16  (mutant  Nef  2  clones)  C-P,  competition  bv  cold  probe  The  relative  intensity  ot  the  bands  chne 
n"1'-  r,M''  -  ,  v.oinpiexfci,  was  evu.Jo.eu  uy  laser  densitometry  (bar  graphs)  The  free  probe  at  the  bottom  of  the  gels  is  not  shown  Experiments 
wer«-  performed  in  duplicate  with  similar  results. 
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Fig.  3.  Electrophoretic  mobility  shift  assays  performed  from  nuclear  extracts  with  ^P-labeled  oligonucleotide  probes  for  bmdmg  sues  of  {A)  NO 
kB  and  (B)  AP*1.  Celt  clones:  22F6  (parental  cell  Ime),  22D8  (Nef  1  expressing  clone).  18  and  19  (Nef  i  mutants)  c-P,  competition  by  cold  probe 
The  relative  intensity  of  the  bands,  showing  only  DNA  -  protein  complexes,  was  evaluated  by  laser  densitometry  (bar  graph)  The  free  p'obe  at  the 
h?nom  c*  !hc  go's  net  E.ve';  ,<jiu u  »*-  '  .  performed  in  duplicate  with  similar  results 


these  cell  clones  is  shown  in  Fig.  2A.  NF-kB  (Fig.  3A) 
and  AP-1  (Fig.  3B)  induction  was  downregulated  in  the 
cells  expressing  Nef  1  when  compared  with  that  of  the 
22F6  cells.  Strikingly,  both  cell  clones  18  and  19  show 
no  effect  on  NF-kB  and  AP-1  recruitment  when  compared 
with  that  of  the  parental  cell  line  22F6. 

Figure  4  shows  the  comparison  between  parental  cell 
line  22F6,  Nef  2  producing  cell  clone  1F8,  Nef  1  produc¬ 
ing  clone  133,  and  clones  13  and  16  in  which  the  Nef  2 
protein  has  been  modified  with  an  alanine  instead  of  a 
threonine  at  position  1 5.  SP-1  activity  for  these  cell  clones 
is  shown  in  Fig.  2A.  NF-kB  (Fig.  4A)  and  AP-1  (Fig.  4B) 
are  both  downregulated  in  the  cells  expressing  Nef  1 
(133),  while  no  effect  is  seen  in  those  expressing  Nef  2 
(1F8).  Clones  13  and  16  showed  an  intermediate  pheno¬ 
type  between  that  exhibited  by  Nef  1  and  Nef  2.  The  fact 
that  both  clones  13  and  16  showed  this  intermediate 
phenotype  suggests  that  other  determinants  in  Nef  be- 

A)  NF  kB 


sides  phosphorylation  at  position  15  a-e  important  for 
Nef-dependent  downregulation  of  transcriptional  factors. 

To  determine  if  the  effects  of  the  changes  of  ammo 
acid  15  in  Nef  on  transcription  factor  regulation  corre¬ 
lated  with  transcriptional  activity,  experiments  were  per¬ 
formed  in  which  cells  were  transfected  by  the  DEAE  Dex- 
tran  method  (6)  with  plasmids,  which  use  the  long  termi¬ 
nal  repeat  of  HIV  (HIV-1 -CAT)  or  the  IL-2  promoter  (IL-2- 
CAT)  to  direct  expression  of  the  chloramphenicol  acetyl 
transferase  (CAT)  gene.  After  stimulation  of  the  cells  with 
PMA  and  PHA  or  sterile  saline  for  4  hr,  cell  exiiacts  were 
prepared  and  CAT  activity  was  assessed  by  standard 
methods  (7  7).  Cor, .pies  fer  the  CAT  as^a,  s  were  normal¬ 
ized  to  equal  protein  concentration  by  Bradford  reagent 
analysis  (Bio-Rad)  using  bovine  serum  albumin  as  a  stan¬ 
dard.  CAT  assays  from  different  cell  lines  were  also  nor¬ 
malized  to  a  noninducible  control  plasmid  RSV-CAT  (78) 
which  was  transfected  in  parallel  with  the  HIV-1-CAT 

B)  AP- 1 
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Fig  5  Chloramphenicol  acetyltransferase  (CAT)  assays  tor  HIV  and  IL-2  transcription.  Extracts  were  prepared  from  Jurrat  cell  clones  trarrstectea 
with  H IV- 1  -CAT  (A-C)  or  IL-2-CAT  (D-F).  The  data  are  presented  as  the  mean  ratio  of  the  level  of  CAT  activity  present  n  the  cel'j  stimulated  wii* 
PMA  and  PHA  for  4  hr  compared  to  the  level  present  m  unstimulated  cells.  The  mean  values  for  percentage  of  acetylation  >r-  stimulated  cells  wrr 
10.2  (22F6).  1.4  (133),  8.7  (N1  19).  9  (N 1  18).  8  6  (1F8),  8  (10H10).  5.3  (N2  13).  5.9  (N2  16)  tor  HIV-i-CAl  and  22  3  (22F6).  2  6  ( 1 33).  ??.  2  INI  19!.  23  7 
(N 1  18),  1 7,5  (1 F8),  1 8.4  ( 10H 10),  3.5  (22D8),  6  3  (N2  13),  7.2  (N2  16)  for  IL -2-CAT  Experiments  were  performed  in  triplicate  and  error  bars  represent 
standard  deviation  of  the  mean.  Cell  clones:  22F6  (parental  cell  line),  133.  22D8  (Nef  1  expressing  clones),  )F8.  10H10  (Net  2  expressing  clones) 
13  and  16  (Nef  2  mutants),  18  and  19  (Nef  1  mutants) 


and  the  IL-2-CAT.  Figure  5  shows  the  results  of  these 
experiments.  The  CAT  activity  measurements  closely 
paralleled  the  EMSA  findings.  Unstimulated  cells  showed 
almost  no  CAT  activity  (data  not  shown).  Figure  5A  shows 
decreased  CAT  activity  in  cell  clones  transfected  with 
HIV- 1 -CAT  in  the  presence  of  Nef  1  (22D8,  133)  when 
compared  with  the  oarental  cell  line  22F6.  On  the  otiiei 
hand,  clones  expressing  Nef  2  (1F8,  10H10)  showed  no 
difference  in  HIV-1 -CAT  activity  as  compared  with  paren¬ 
tal  cell  line  22F6.  Figure  5B  compares  CAT  activity  in 
clones  transfected  with  HIV-1-CAT  expressing  Nef  1  (133) 
and  the  parental  cell  line  (22F6)  as  well  as  clones  18 
and  19  in  which  Nef  1  protein  has  been  modified  to 
include  a  threonine  at  position  15  instead  of  an  alanine. 
CAT  activity  was  decreased  in  cells  expressing  Nef  1 
when  compared  with  the  parental  cell  line.  Once  again, 
clones  18  and  19  showed  no  difference  In  CAT  activity 
when  comnamd  with  the  parental  cell  line.  Figure  5C 
s'tjws  the  comparison  between  clones  transfected  win. 
HIV- 1 -CAT  expressing  Nef  1  (133),  Nef  2  (1F8)  and  the 
parental  cell  line  22F6,  as  well  as  clones  13  and  16  in 
which  Nef  2  protein  was  modified  to  include  an  alanine 
at  position  15  instead  of  a  threonine.  CAT  activity  was 
not  significantly  different  between  Jurkat  cell  clones  ex¬ 
pressing  Nef  2  and  the  parental  cell  line,  while  it  was 
clearly  decreased  in  those  expressing  Net  1.  Clones  13 
and  lb  expiesv.d  an  intermediate  phenotype.  Figures 
5D,  5E,  and  5F  show  the  results  of  3 >',ilQr  experiments 
except  that  the  cells  were  transfected  with  IL-2-CA7.  il- 
2-CAT  induction  was  decreased  in  clones  expressing 
Nef  1.  when  compared  with  the  parental  cell  line,  while 
those  expressing  N*  f  2  •.bowed  nr,  :  ianificant  p"oct  on 
CA  i  activity.  Clones  leer  t.1  .  uoe»’  j.,uv  .*:u  u  ,,  ,  .. 

ate  phenotype  with  regards  lo  IL-2  expression. 

HIV-1  Nef  protein  has  been  shown  to  be  phosphory- 
lated  by  PKC  at  threonine  1 5  13).  The  mutation  from  threo¬ 
nine  to  alanine  results  in  loss  cf  this  phosphorylation  site. 
This  change  has  no  effect  on  N-terminal  myristoylation  of 


Nef,  thus  is  not  likely  to  affect  Nef  membrane  binding.  It 
also  has  no  effect  on  downregulation  of  CD4  expression 
in  T  cells  (3).  The  results  of  our  study  show  that,  as  in 
the  case  of  p60s,c,  phosphorylation  of  Nef  results  in  loss 
of  one  of  the  functions  of  this  protein.  Also,  the  results 
show  that,  even  though  other  potential  phosphorylation 
sites  have  been  identified  in  Nef  (12).  the  predominant 
site  of  Nef  phosphorylation  upon  stimulation  of  T  cells 
is  the  threonine  at  position  15.  We  have  shown  else¬ 
where  (19)  that  downregulation  of  transcription  factor  NF- 
kB  by  Nef  occurs  through  a  PKC-dependent  mechanism. 
The  combination  of  these  data  presents  a  model  for  a 
unique  system  by  which  a  protein  acts  through  a  pathway 
that  uses  a  protein  kinase  as  an  intermediate  for  its 
function,  and  the  same  protein  kinase  regulates  the  pres¬ 
ence  of  the  active  form  of  the  protein.  Furthermore,  it  has 
also  recently  been  shown  that  Nef  associates  with  the 
cvtoskeleton  (20)  and  may  also  localize  in  specific  "chan- 
■  in  f  t  nucleus  (21).  Whether  the  localization  of  Nef 
and  as  availability  for  phosphorylation  by  PKC  are  related 
is  so  far  unknown.  However,  it  is  intriguing  that  the  PKC 
phosphorylation  site  lies  within  the  potential  bipartite 
nuclear  localization  signal  and,  therefore,  may  alter  its 
activity. 

The  results  of  this  study  provice  new  insights  into 
structural  aspects  of  Nef.  and  their  importance  with  re¬ 
spect  to  one  of  the  functions  ot  Net  <n  vitro 
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Particle  assembly  and  Vpr  expression  in  human  immunodeficiency  virus 
type  1-infected  cells  demonstrated  by  immunoelectron  microscopy 
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The  96  amino  acid  viral  protein  R  (Vpr)  of  human 
immunodeficiency  virus  type  1  (HIV-1)  was  detected 
during  virus  assembly  in  intracellular  vacuoles  and  at  the 
plasma  membrane  on  peripheral  blood  mononuclear 
cells.  In  both  immature  and  mature  virus  particles,  Vpr 
was  located  immediately  beneath  the  viral  envelope,  co¬ 
localizing  with  the  core  structural  protein.  Gag  p24.  Vpr 
was  present  in  intracellular  HIV-1  wild-type  virions  at 
50%  of  the  level  found  in  extracellular  HIV-1  particles. 
Cells  infected  with  HIV-1  strains  with  C-terminal 
truncations  of  Vpr  manifested  a  different  pattern  of  Vpr 


expression.  A  mutant  with  an  alteration  of  amino  acids 
79  to  85  exhibited  a  23  %  reduction  in  total  levels  of  Vpr 
expression,  but  a  marked  accumulation  of  Vpr  in 
intracellular  rather  than  extracellular  virions.  A  mutant 
with  the  last  17  amino  acids  of  Vpr  deleted  expressed 
only  10%  of  wild-type  levels  of  Vpr.  These  observations 
indicate  that  Vpr  is  incorporated  into  virions  from  the 
cytoplasmic  aspect  of  either  the  vacuolar  or  plasma 
membrane.  Furthermore,  the  proportion  of  Vpr  on 
intracellular  compared  to  extracellular  virions  is  affected 
by  a  specific  locus  within  the  protein. 


Introduction 

Human  immunodeficiency  virus  (HIV)  is  released  from 
the  host  cell  surface  by  budding  from  the  plasma 
membrane  (Gelderblom,  1991).  The  budding  process 
releases  immature  virus  particles  containing  a  non- 
condensed  core  of  Gag  precursor  proteins,  together  with 
the  RNA  genome  and  viral  enzymes  necessary  for 
initiation  of  replication,  all  enclosed  within  a  lipid  bilayer 
containing  the  envelope  proteins.  Maturation  of  the 
virus  particle,  associated  with  viral  protease  activity, 
results  in  condensation  of  the  particle  core. 

Viral  protein  R  (Vpr)  is  incorporated  into  the  virion. 
This  involves  an  association  of  Vpr  with  the  C  terminus 
of  the  Gag  precursor  protein,  Pr55<'iw  (Cohen  et  al., 
1990ft;  Yuan  et  al.,  1990;  Lu  et  al.,  1993;  Paxton  et  al., 
1993).  Vpr  is  one  of  seven  regulatory  proteins  expressed 
by  all  HIV  types  and  sinvan  immunodeficiency  virus 
(Rosen,  1991).  It  encodes  a  96  amino  acid  protein  that  is 
dispensable  for  virus  replication  in  T  lymphoid  cell  lines 
(Dedera  et  al.,  1989).  However,  Vpr  accelerates  HIV-1 
renlication  about  threefold  in  a  variety  of  T  lymphoid 
cell  lines,  and  to  a  significantly  g'-mer  degree  in  primary 
macrophages  (Ogawa  et  al.,  1989;  Hattori  et  al.,  1990; 
Westervelt  et  al.,  1992).  Vpr  has  also  been  shown  to 
increase  gene  expression  non-specifically  by  threefold 
from  a  wide  range  of  transcriptional  promoters,  by  a 


mechanism  that  remains  to  be  defined  (Cohen  et  al., 
1990a).  The  packaging  of  Vpr  into  the  virions  suggests 
that  this  protein  plays  an  important  role  in  virus  assembly 
or  infectivity  (Cohen  et  al.,  1990a;  Yuan  et  al.,  1990). 

The  subcellular  localization  of  Vpr  in  infected  cells  has 
been  determined  by  subcellular  fractionation  and  indirect 
immunofluorescence  microscopy  (Lu  et  al.,  1993).  These 
data  suggest  that  Vpr  expression  in  the  absence  of  other 
viral  proteins  results  in  a  predominant  localization  in  the 
nucleus.  However,  coexpression  of  Gag  Pr55‘"“'  results  in 
the  release  of  a  portion  of  the  expressed  Vpr  protein  in 
extracellular  virions.  In  the  present  study,  we  defined 
more  carefully  the  localization  of  Vpr  during  virus 
assembly  at  both  intracellular  and  extracellular  sites 
using  wild-type  and  mutants  forms  of  Vpr  with  a  double 
immunogold  electron  microscopic  labelling  technique. 

Methods 

Cell  lines  and  culture.  COS-  7  cells  were  obtained  from  the  ATCC  and 
maintained  in  Dulbecco's  modified  Eagle's  medium  supplemented  with 
heat-inactivated  fetal  calf  serum.  1  mM-pyruvate.  100  units/ml  pem- 
cH'in  and  100  pg/ml  streptomycin.  Peripheral  blood  mononuclear  cells 
(PBMCs)  were  purified  from  normal  human  leukocytes  by  centrifuga¬ 
tion  onto  Ficoll.  After  3  days  of  stimulation  with  phytohaemagglutmin 
(15  pg/ml:  Sigma).  PBMCs  were  maintained  in  RPMI  1640  medium 
supplemented  with  10%  heat-inactivated  fetal  calf  serum.  4  msi- 
glutamine.  recombinant  interleukin  2  (50  units/ml;  Cetus),  100 
units/ml  penicillin  and  100  pg/ml  streptomycin. 
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tarns.  HIV-1  mutant  SRIO  was  made  from  a  proviral  clone. 
DA(GG).  which  expresses  a  v6  amino  acid  form  of  Vpr 
ervelt  er  al.,  1992).  In  this  mutant  four  amino  acids  of  Vpr 
dues  79  to  82,  numbered  according  to  Myers  et  al.,  1992),  Ser-Arg- 
Gly,  were  deleted  and  the  Arg  at  position  85  was  changed  to  Gin. 
e  mutant  was  made  by  inserting  the  sequence  5'  TCGACATGTTA- 
CTCAACAGAGGAGAGCAAGAAACGGAGCCAGTAGATCT- 
TAG  3'into  the  Safi  site  at  nucleotide  5785  by  linker  ligation. 
The  mutant  CRST,  in  which  residues  80  to  96  of  Vpr  were  deleted,  was 
constructed  by  digestion  of  NLHXADA(GG)  with  Safi  and  blunt- 
ending  with  the  KJenow  fragment  of  Escherichia  coli  DNA  polymerase 
I.  The  Oterminal  armtiO^actd-^equcncc  -of-wild-typc  Vpr~and  the- 
mutants,  SRiG  and  CRST,  are  shown  below  (the  substituted  amino 
acids  are  snown  unae.  lined' .  ^  ornro*  <ax te  _ 


uwu  uuutuiucu,  .  e*  ■  ~ 

n  <&ab->  — 
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^  t 

S’ vtfusutfection .  HIV-1  stocks  were  gerieTated-byaranifecticm  of  60  % 
confluent  cos-7  cells  in  10  cm-diameter  plates  witiTTCTfig-trf-lfle 
recombinant  proviral  clones  NLHXADA(GG),  SRIG  or  CRST 
together  with  2  pg  of  pCVl,  a  tat  expression  vector  (Arya  et  al.,  1985). 
The  calcium  phosphate  precipitation  method  was  used  for  transfection, 
and  5  hours  later  the  cells  were  treated  with  10%  DMSO  for  2  min 
before  being  washed  twice  with  PBS.  Cell  culture  supernatants  were 
harvested  after  48  h  and  filtered  (0-2  pm  Millipone  filter).  Culture 
supernatant  (5  ml)  was  used  to  infect  1  x  107  PBMCs.  The  cells  were 
collected  as  pellets  7  days  post-infection.  After  washing  with  scrum-free 
culture  medium,  the  cells  were  fixed  in  freshly  prepared  2-5% 
glutaraldehyde  in  PBS  for  30  min  at  room  temperature.  After  fixation, 
the  cells  were  washed  in  PBS  overnight,  dehydrated  in  giaded 
concentrations  of  ethanol  and  then  embedded  in  LR  white  acrylic  resm 
(Stransky  &  Gay,  1991). 
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Fig.  I.  Expression  of  wild-type  (w.t.)  and  mutant  forms  of  Vpr  protein. 
Each  vpr  gene  was  cloned  into  plasmid  pTM3  between  Sc o  1  and  Sucl 
sites  downstream  of  the  T7  promoter.  The  plasmids  were  transfected 
into  BSC -40  cells  infected  with  vTF7-3,  a  recombinant  vaccinia  virus 
expressing  T7  polymerase.  After  4  h.  the  cells  were  labelled  with 
pH]leucine  overnight,  and  cell  lysates  were  immunoprecipitated  with 
the  anti-Vpr  antiserum.  The  differences  in  Mt  are  consistent  with 
deletion  of  four  amino  acids  in  SRIG  and  deletion  of  17  amino  acids 
in  CRST. 


Post-embedding  immunoelectron  microscopy.  Sections  of  resin  con¬ 
taining  the  cells,  with  a  thickness  of  100  tun,  were  collected  on  270- 
mesh  nickel  or  gold  grids  for  immunocytochemical  analysis 
(Gelderblom  et  al.,  1987;  Gelderblom,  1991).  The  sections  were  etched 
with  freshly  prepared  5%  H,0,  for  5  to  10  min  in  a  vacuum  chamber. 
Non-specific  binding  was  blocked  with  1  %  BSA.  Vpr  rabbit  antiserum 
was  prepared  as  previously  described  (Lu  et  al.,  1993).  The  mouse 
monoclonal  antibody  C246,  which  reacts  to  Gag  p24,  was  kindly 
provided  by  T.-W.  Chang.  The  sheep  antibody  to  Env  gpl20  was 
obtained  from  BioCell.  For  dual  labelling,  the  anti-Vpr  antiserum  was 
added  first  and  incubated  at  20  °C  for  1  h,  followed  by  a  wash  with 
PBS,  and  then  the  mouse  anti-Gag  p24  or  sheep  anti-Env  gpl20  was 
applied.  The  cells  were  then  washed  in  Tris-buffered  saline  (TBS)  and 
15  nm  gold  particle-conjugated  goat  anti-rabbit  IgG  (Auroprobe  EM; 
Amsterdam)  and  either  5  nm  gold  particle-conjugated  goat  anti-mouse 
IgG  (Amersham)  or  10  nm  gold  particle-conjugated  donkey  anti-sheep 
IgG  (BioCell)  were  added.  Sections  were  stained  with  uranyl  acetate 
and  lead  citrate  and  examined  under  a  Zeiss  electron  microscope. 


Results 


mutated  (CRST  and  SRIG)  vpr  genes  were  cloned  into  a 
recombinant  vaccinia  virus  expression  system.  After 
expression  in  BSC-40  cells,  the  specific  Vpr  proteins  were 
immunoprecipitated  with  a  rabbit  anti-Vpr  antiserum 
and  analysed  by  PAGE  (Fig.  1).  The  electrophoretic 
mobility  of  wild-type  Vpr  was  consistent  with  a  protein 
of  1I-4K,  slightly  larger  than  that  predicted  for  a  96 
amino  acid  protein,  but  consistent  with  other  studies  of 
Vpr  (Lu  et  al,  1993;  Paxton  et  al,  1993).  Mutant  Vpr 
protein  from  SRIG  has  a  deletion  of  four  amino  acids 
and  an  electrophoretic  mobility  that  was  consistent  with 
a  decrease  of  IK  in  Mr,  compared  to  the  wild-tvpe. 
Mutant  Vpr  protein  from  CRST  has  a  deletion  of  17 
amino  acids,  and  an  electrophoretic  mobility  consistent 
with  a  decrease  of  3K.  All  three  vpr  gene  products 
reacted  with  the  rabbit  polyclonal  anti-Vpr  antiserum. 


Expression  of  wild-type  and  mutar.t  Vpr  proteins  Vpr  expression  in  intracellular  and  extracellular  virions 

HIV- 1  strains  capable  of  encoding  a  full-length  Vpr  HIV- 1  infection  of  primary  PBMCs  was  examined  by 

protein,  or  mutated  forms  of  Vpr  with  deletions  were  immunogold  electron  microscopy.  Virus  particles  were 

used  in  this  study.  To  confirm  that  the  mutations  gave  found  budding  at  the  plasma  membrane  (Fig.  2a)  and 

rise  to  proteins  of  the  predicted  MT  and  with  similar  within  intracellular  vacuoles  (Fig.  2a,  b).  Budding  virus 

stability  and  antibody  reactivity,  the  wild-type  and  particles  at  intracellular  membranes  were  also 


Expression  of  Vpr  in  HIV-1 
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Fig.  2.  Immunogold  localization  of  Vpr  in  virus  particles,  (a)  Vpr-specific  gold  particles  were  seen  in  the  wild-type  HIV-I  vinous  in 
the  extracellular  region  (arrow  1)  and  in  a  cytoplasmic  vacuole  (arrow  2).  Labelling  was  also  found  at  a  portion  ot  the  vacuolar 
membrane  that  showed  higher  density,  consistent  with  that  of  a  budding  virus  particle  (arrow  3)  The  bar  represents  500  nm  (hi  Vpr- 
specific  gold  labelled  particles  (15  nm  diameter;  arrowhead)  were  found  in  a  large  vacuole  of  an  infected  PBMC  N,  nucleus  The  bar 
represents  500  nm.  (<T  An  enlarged  area  of  the  vacuole  (boxed)  in  tf>)  is  shown  (rotated  l>0°)  with  Vpr-specific  cold  particles  ( 1 5  nm 
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Electron  microscope  view 
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(a)  (b)  (c)  (d)  (e)  (/) 

Fig.  3.  Schematic  representation  of  possible  locations  of  Vpr-specific 
gold  particles  in  HIV-1  virions  embedded  in  thin  resin  sections.  HIV- 
1  virions  associated  with  infected  cells  were  embedded  in  resin  and  cut 
into  sections  of  100  nm  in  thickness  for  post-embedding  lmmuno- 
staining  and  electron  microscopic  observations.  Virions  located  at 
the  upper  (a)  or  lower  portion  of  the  section  (/)  would  have  been  cut 
tangentially  and  the  exposed  Vpr  antigen  could  be  labelled  with  the 
antibody  if  Vpr  was  situated  near  or  beneath  the  viral  envelope.  These 
virions  would  be  predicted  to  appear  smaller  under  the  electron 
microscope  and  the  gold  particles  would  form  a  cluster.  Virions  cut 
through  the  centre  would  be  predicted  to  appear  larger  and  gold 
particles  would  form  a  ring-shaped  pattern  with  ( b )  or  without  a  core 
(d  and  e).  The  diameter  of  these  virions  would  appear  to  be  similar  to 
that  of  typical  virions.  Virions  embedded  within  the  resin  would  not  be 
accessible  to  H,Oj  etching  and  their  associated  antigens  would  not  be 
exposed.  A  typical  virion  diameter  is  approximately  100  nm. 


immunogold-labelled  with  the  anti-Vpr  antiserum  (Fig. 
2d).  Particles  at  both  sites  were  Vpr-positive,  as  indicated 
by  indirect  immunolabelling  with  gold  particles.  No 
significant  background  labelling  was  seen  in  the  absence 
of  HIV-1,  or  when  the  Vpr  antiserum  was  omitted  or 
substituted  with  a  Vpx  antiserum  (data  not  shown). 

The  diameter  of  the  virions  was  about  100  am.  With 
100  nm-thick  sections,  the  virus  particles  may  be  cut  at 
different  levels,  as  shown  schematically  in  Fig.  3.  Sections 
through  the  mid-potion  of  the  virion  would  be  predicted 
to  show  immunogold  labelling  in  a  ring-like  pattern  if 


Vpr  was  situated  primarily  just  beneath  the  viral  envelope 
(Fig.  3b,  e).  Witn  sections  near  the  edge  of  a  virion  (Fig. 

3  a,f),  immui^gold  labelling  of  protein  just  beneath  the  o 
viral  envelope  would  be  predicted  to  cause  clusters  of 
gold  particles.  Several  examples  of  such  gold  particle 
distributions  are  evident  in  Fig.  2(c). 


Vpr  expression  during  virus  budding 

Vpr  gold  labelling  was  also  identified  on  virus  particles 
budding  from  the  plasma  membrane  (Fig.  4).  Immuno- 
labelled  Vpr  could  be  identified  on  the  condensed 
membrane  areas  of  budding  (Fig.  4a,  b)  and  beneath  the 
virus  envelope  of  immature  virus  particles  (Fig.  4 b  to /). 
In  some  cases,  a  ring-shaped  distribution  of  gold-labelled 
Vpr  was  evident  (Fig.  4 d,f).  In  dual  labelling  experi¬ 
ments,  gold  particles  (15  nm)  specific  for  Vpr  were  found 
beneath  the  virus  envelope,  whereas  Gag  p24-specific 
gold  particles  (5  nm)  were  generally  seen  in  the  core  of 
the  virion  (Fig.  4 d  to  f). 


Wild-type  and  mutant  Vpr  expression  in  virions 

Virions  containing  the  96  amino  acid  wild-type  Vpr 
protein  as  well  as  deletion  mutants  with  alterations 
between  amino  acids  79  and  85  (SRIG)  or  a  truncation 
mutant  missing  the  C-terminal  17  amino  acids  (CRST) 
were  also  examined.  SRIG  virions  (Fig.  5  b)  contained 
Vpr-specific  gold  particles  in  a  similar  distribution  to 
that  of  wild-type  virions  (Fig.  5a).  However,  CRST 
virions  contained  very  few  Vpr-specific  gold  particles 
(Fig.  5c). 

Quantification  of  Vpr-specific  gold  particles  was 
performed  on  several  hundred  electron  micrographs  and 
the  number  of  intracellular  and  extracellular  particles  per 
virion  determined  (Table  1,  Fig.  6).  Wild-type  virions 
were  labelled  with  an  average  of  1-5  Vpr-specific  gold 
particles  per  virion,  whereas  SRIG  virions  had  an  average 
of  11  particles  per  virion  and  CRST  virions  contained 
only  0-1  particles  per  virion.  Since  both  Vpr  mutants  are 


Table  1.  Distribution  of  Vpr-specific  gold  particles  on  HIV-l  in  PBMCs  7 
days  after  infection 


Sample 

(number)* 

Number  of 
particles 

Number  of 
virions 

Average 
particles 
per  virion 

Percentage 

of 

wild-type 

Particles 
per  virion 
(extra¬ 
cellular) 

Particles 
per  virion 
(intra¬ 
cellular) 

Wild-type  (83) 

6683 

4467 

15 

100 

16 

0-8 

SRIG  (33) 

1482 

1292 

11 

77 

04 

09 

CRST  (12) 

65 

639 

01 

7 

NDt 

ND 

Control  (5) 

12 

550 

0 

1 

ND 

ND 

*  Number  of  micrographs  examined, 
t  nd.  Not  detected. 


Fig.  4.  Vpr  localization  on  budding  virus  particles.  ( a )  Condensed  plasma  membrane  structures  are  immunolabelled  with  Vpr-specific 
gold  particles  (arrowheads).  The  bar  represents  200  nm.  ( b )  Virus  budding  from  a  condensed  area  of  the  cell  membrane  was  labelled 
with  Vpr-specific  gold  particles  (arrowheads).  A  single  extracellular  immature  virion  labelled  weakly  with  these  particles  (15  nm),  but 
better  labelling  with  Gag  p24-specific  gold  particles  (5  nm)  was  observed.  The  bar  represents  100  nm.  (c)  Other  immature  virions 
immunolabelled  with  Vpr-specific  gold  particles  (arrowhead).  The  bar  represents  100  nm.  ( d )  Additional  immature  virions  labelled  with 
Vpr-specific  gold  particles  (15  nm,  arrow  1)  under  the  virus  envelope  as  well  as  Gag  p24-spccific  gold  particles  (5  nm.  arrow  2).  (e)  An 
immature  virion  near  the  cell  surface  was  identified  that  labelled  with  Vpr-specific  gold  particles  under  the  viral  envelope  (15  nm, 
arrowhead),  whereas  Gag  p24-specific  gold  particles  (5  nm)  were  seen  in  the  central  area  of  the  virion.  The  bar  represents  200  nm.  (/) 
A  ring-shaped  distribution  of  Vpr-specific  gold  particles  (15  nm)  was  evident  on  an  extracellular  virus  particle,  with  Gag  p24-specific 
gold  particles  (5  nm)  localized  in  the  central  core  of  the  virion. 
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Fig.  6.  Wild-type  and  mutant  Vpr  expression  in  virions  as  a  percentage 
of  the  total  expression  in  the  wild-type  in  HlV-l-mfected  PBMCs 
infected  for  7  days.  Extracellular  (□)  and  intracellular  (□)  Vpr 
expression  are  shown,  together  with  the  average  number  of  Vpr-specific 
gold  particles  (on  both  extracellular  and  intracellular  vinons)  as  a 
percentage  of  the  wild-type  (■). 


recognized  by  the  Vpr-antiserum  (Fig.  1 ;  J.  J.  Wang  et 
al.,  unpublished  results),  the  lower  number  of  Vpr- 
specific  gold  particles  on  CRST  virions  must  be  due  to 
lower  expression  of  the  mutant  protein  in  the  virion, 
rather  than  a  loss  of  immunogemcity. 

With  the  wild-type,  intracellular  virions  contained 
about  half  the  number  of  Vpr-specific  gold  particles  per 
virion  compared  to  extracellular  virions  (Table  1,  Fig.  6). 
In  contrast,  SRIG  intracellular  virions  were  immuno- 
labelled  to  a  greater  extent  with  the  Vpr  antiserum  than 
SRIG  extracellular  virions.  The  primary  difference  in 
SRIG  virions  compared  to  wild-type  virions  is  a  result  of 
the  much  lower  level  of  Vpr-specific  gold  particles  in 
extracellular  virions  (0-4  for  SRIG  compared  to  1-6  for 
wild-type),  whereas  no  significant  differences  were  seen 
in  the  number  of  these  particles  in  intracellular  virions 
(0-9  for  SRIG  and  0-8  for  wild-type). 

Discussion 


Fig.  5.  Immunolabelling  of  wild-type  and  mutant  forms  of  Vpr  on  HIV- 
1  virions,  (a)  Vpr-specific  gold  particles  labelled  extracellular  wild-type 
virions  (15  nm,  arrow  1).  Gag  p24-specific  gold  particles  (5  nm,  arrow 
2)  were  also  observed  in  virions.  An  average  of  1  5  Vpr-specific  gold 
particles  per  virion  was  found.  The  bar  represents  200  nm.  ( b )  Vpr 
mutani  SRIG  virions  also  labelled  with  Vpr-specific  gold  particles 
(15  nm.  arrow  1).  Gag  p24-specific  gold  particles  (5  nm,  arrow  2)  and 
Env  gpl 20-specific  gold  particles  (10  nm,  arrow  3)  were  also  identified. 
An  average  of  IT  Vpr-specific  gold  particles  per  virion  was  measured 
The  bar  represents  200  nm.  (c)  Vpr  mutant  CRST  vinons  showed  very 
little  Vpr-specific  labelling  (arrow  1),  whereas  Gag  p24-specific  gold 
particles  were  still  observed  (5  nm,  arrow  2).  An  average  of  0  1  Vpr- 
specific  gold  particles  per  virion  was  counted.  The  bar  represents 
200  nm. 


The  current  findings  demonstrate  that  HIV-1  virions 
assemble  in  infected  PBMCs  by  budding  into  cytoplasmic 
vacuoles  and  by  budding  from  the  plasma  membrane. 
Other  investigators  have  also  noted  HIV- 1  virions 
budding  into  cytoplasmic  vacuoles  of  infected  primary 
monocytes  (Orenstein  et  al.,  1988),  the  U937  monocytoid 
cell  line  (Pautrat  et  al.,  1990)  and  the  JM  T  lymphoid  cell 
line  (Grief  et  al.,  1991).  Orenstein  et  al.  (1988)  and  Grief 
et  al.  (1991)  identified  these  cytoplasmic  vacuoles  as 
Golgi  saccules.  Our  observations  of  HIV- [-infected 
PBMCs  failed  to  identify  virions  associated  with  typical 
Golgi  apparatus.  However,  it  is  possible  that  the 
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'cytoplasmic  vacuoles  associated  with  HIV-1  virions  in 
PBMCs  are  derived  from  the  endoplasmic  reticulum  or 
Golgi  saccules.  Dual-labelling  immunogold  electron 
microscopy  experiments  should  be  useful  in  further 
characterizing  the  cellular  compartment  inv  lived. 

The  Vpr  protein  was  detected  by  immunogold  electron 
microscopy  at  sites  of  virus  budding,  intracellularly  as 
well  as  at  the  plasma  membrane,  in  both  immature  and 
mature  virions.  Our  triple  immunolabelling  studies 
demonstrated  the  localization  of  Vpr,  Gag  p24  and  Env 
gpl20  proteins  in  virions.  Lower  levels  of  Gag  immuno¬ 
labelling  than  Vpr  are  a  consequence  of  the  use  of  a 
monoclonal  antibody  for  Gag  p24,  whose  epitope  is 
more  easily  lost  during  fixation  than  the  multiple  epitopes 
recognized  by  the  anti-Vpr  antiserum.  The  low  intensity 
of  gpl20  labelling  in  this  study  is  consistent  with  previous 
studies  and  reflects  a  lower  level  of  gpl20  than  p24 
incorporation  into  virions  (Hausmann  et  al.,  1987;  Hart 
et  al .,  1993).  In  virions,  Vpr  was  generally  localized 
beneath  the  viral  envelope.  This  is  consistent  with 
biochemical  data  suggesting  that  Vpr  packaging  into 
virions  is  mediated  by  an  interaction  with  the  C-terminal 
portion  of  the  Gag  precursor  protein,  which  is  cleaved 
into  the  p6  protein  (Lu  et  al.,  1993;  Paxton  et  al.,  1993). 
Though  the  function  of  the  Gag  p6  protein  is  unclear,  it 
has  been  proposed  to  make  up  a  core-envelope  linker, 
situated  just  beneath  the  virus  envelope  (Gelderblom  et 
al.,  1987). 

Mutations  in  vpr  had  relatively  minor  effects  on  virus 
replication  in  PBMCs  (Dedera  et  al.,  1989;  Ogawa  et  al., 
1989;  J.  J.  Wang  et  al.,  unpublished  results).  However, 
virions  derived  from  a  HIV-1  strain  in  which  the  C- 
terminal  17  amino  acids  of  Vpr  were  deleted  (CRST) 
exhibited  markedly  decreased  levels  of  virion-associated 
Vpr.  This  finding  is  attributed  to  a  reduction  in  Vpr 
packaging  into  virus  particles,  but  additional  defects  in 
Vpr  transport  or  stability  cannot  be  excluded. 

A  mutant  Vpr  protein  (SRIG),  in  which  residues  79  to 
85  were  altered,  was  packaged  normally  into  virions  at 
intracellular  sites,  but  was  partially  defective  in  in¬ 
corporation  into  virions  budding  at  the  plasma  mem¬ 
brane.  Whereas  the  ratio  of  full-length  Vpr  incorporation 
into  extracellular  versus  intracellular  virions  was  approxi¬ 
mately  1-6,  the  ratio  for  the  SRIG  mutant  Vpr  was  0  4. 
These  results  indicate  that  the  altered  sequences  may  be 
important  for  intracellular  targeting  of  Vpr. 

Our  recent  data  indicated  that  when  Vpr  was  expressed 
in  the  absence  of  other  viral  proteins,  it  was  found 
primarily  in  the  nucleus  (Lu  et  al.,  1993).  However,  when 
Vpr  was  coexpressed  with  the  HIV-1  Gag  precursor 
protein,  it  was  incorporated  into  virions.  These  findings 
provide  further  evidence  that  other  viral  proteins  are 
critical  for  export  of  Vpr  from  infected  cells. 

In  conclusion,  our  results  show  that  Vpr  is  localized  in 


virions  primarily  beneath  the  viral  envelope.  Further¬ 
more,  Vpr  is  incorporated  into  HIV-1  virions  on  cellular 
vacuolar  membranes  as  well  as  at  the  plasma  membrane. 
An  alteration  of  the  highly  conserved  sequence  at 
residues  79  to  85  results  in  redistribution  of  Vpr  virion 
incorporation  to  favour  intracellular  rather  than  extra¬ 
cellular  budding  virions.  Additional  studies  of  the 
interaction  of  Vpr  with  the  viral  core  structure  will  be 
necessary  to  decipher  its  contribution  to  HIV-1  rep¬ 
lication. 
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China,  ACS  grant  FRA  373.  contract  DAMD-90C-OI25  and  an 
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ABSTRACT 

Reverse  transcriptase-polymerase  chain  amplification  reactions  (RT-PCR)  were  used  to  identify  transcripts  for 
HIV-I  structural  and  regulatory  proteins  in  peripheral  blood  mononuclear  cells  of  a  cohort  of  48  patients.  At 
least  one  set  of  PCR  primers  was  capable  of  detecting  HIV-1  transcripts  in  94%  of  patients.  Unspliced  gag-pol 
transcripts  were  detected  with  gag  or  pol  primer  sets  in  60  and  63%  of  samples,  respectively.  A  significant 
inverse  correlation  was  noted  between  transcript  identification  with  the  gag  primer  set  and  the  number  of 
CD4-positive  lymphocytes  in  the  blood  sample  and  the  clinical  stage  of  infection.  Single-spliced  env  transcripts 
were  identified  in  44%  of  individuals.  Multiple-spliced  tat  or  nef  transcripts  were  detected  in  6.2  and  53%  of 
individuals,  respectively.  These  findings  indicate  that  viral  transcripts  are  expressed  throughout  the  course  of 
HIV-I  infection. 


INTRODUCTION 

HK  naturai .  historv  of  HI  V- 1  infection  is  characterized  by 
an  acute  phase  of  illness  within  the  first  few  months  alter 
infection,  a  chronic  and  clinically  indolent  phase  of  disease 
lasting  a  few  months  to  more  than  10  years,  and  a  late  stage  of 
illness  characterized  as  AIDS  with  opportunistic  infections  and 
malignancies.1  Progression  from  the  chronic  asymptomatic 
phase  of  disease  to  AIDS  is  characterized  by  a  continual  decline 
in  the  number  of  CD4  '  lymphocytes,  an  increase  in  the  level  of 
vircmia.:  1  an  increase  in  the  number  of  HIV-1  DNA-positive 
lymphocytes. 1  s  and  an  increase  in  the  number  of  infected  cells 
that  express  viral  gene  products/’ 7  The  increase  in  virus  gene 
expression  associated  with  disease  progression  is  likely  critical 
to  the  pathogenesis  ol  HIV'- 1  1  Increased  v  irus  expression  may 
result  Irom  changes  in  host  immune  regulation  and  virus 
mediated  regulatory  influences.  The  goal  ol  the  current  study 
was  to  examine  the  influence  of  viral  regulatory  genes  in  a 
cross-sectional  cohort  of  patients  at  difleieui  stages  of  disease 
The  HIV-I  genome  includes  overlapping  reading  Irames  for 


structural  genes  {gag.  pol.  and  cm  )  and  regulatory  genes  i  lur. 
rev.  vif,  vpr.  vpu.  and  nef)  (Pig.  I  A).*  Structural  genes  encode 
proteins  found  in  the  virus  particle  that  are  important  for  the 
assembly  and  enzymatic  functions  of  the  virus.  Regulatory 
genes  encode  proteins  that  are  generally  not  found  in  the  virus 
particle  (with  the  exception  of  vpr )  and  that  are  thought  to  be 
important  for  virus  replication  in  the  host  cell  ’  Two  regulatory 
gene  products  modulate  virus  transcription,  and  were  therefore 
chosen  as  a  major  locus  of  the  current  study  These  include  Tat. 
which  is  a  potent  positive  effector  of  virus  gene  expression  '  and 
Nef.  which  appears  to  be  a  weak  negative  modulator  ol  virus 
RNA  synthesis. The  Rev  protein  alsoexerts  a  regulatory  effect 
on  mRNA  expression. 1  but  was  not  included  in  our  analysis 
Expression  of  the  HIV-I  genome  is  mediated  by  three  classes 
of  viral  mRNAs.  imsplicedCTOkb).  single  spliced (4  5  khi.  and 
multiple-spliced  ( I  K  2  2  kb)  transcripts  d  ig  IB-Dl  "  Struc¬ 
tural  genes  are  encoded  by  the  first  two  classes  of  transcripts, 
with  the  unspliced  mRNA  producing  Gag  and  Pol  proteins  and 
single-spliced  mRNA  producing  Env  proteins  (as  well  as  k  it. 
Vpr.  and  Vpti  products  l  1  Regulatory  genes  ( w  ith  the  exception 
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of  vif,  vpr.  and  i pu)  arc  expressed  from  multiple-spliced 
mRNAs  The  single-spliced  vpu-cm  mRNA  utilizes  splice 
donor  and  splice  acceptor  sites  at  nucleotides  287  and  5557  ( Tig. 
1C)1 '  (nucleotide  positions  according  to  Ref.  14).  The  multiple- 
spliced  mRNAs  all  utilize  splice  donors  at  nucleotides  287  and 
5625,  and  a  splice  acceptor  at  nucleotide  7956  (Eig.  ID). 
Utilization  of  a  particular  splice  acceptor  site  in  the  central 
portion  o!  the  genome  distinguishes  w/mRNAs  (splice  acceptor 
at  nucleotide  5557)  from  rat  mRNAs  (splice  acceptor  at  nucle¬ 
otide  5357).  and  front  other  regulatory  gene  transcripts.  Addi¬ 
tional  exons  in  the  central  portion  of  the  genome  are  utilized  in 
regulatory  gene  transcripts. 1 ' 

The  current  study  has  utilized  these  features  of  splicing  to 
develop  reverse  transcriptase-polymerase  chain  (RT-PCR)  as¬ 
says  capable  of  distinguishing  transcripts  for  individual  HIV-1 
structural  or  regulatory  genes.  Primers  complementary  to  se¬ 
quences  in  different  exons  were  u'iliz.cd  to  amplify  spliced  bui 


not  unspheed  transcripts  (  Fig.  1C  and  D)  'The  single  spliced  enr 
mRNA  is  distinguished  from  multiply  spliced  regulatory  gene 
mRNAs  by  using  a  downstream  primer  (Senv)  complementary 
toa  sequence  present  in  the  cm-  mRNA,  but  removed  by  splicing 
from  regulatory  gene  mRNAs  (Fig  1C).  Different  regulatory 
gene  transcripts  are  distinguished  from  one  another  by  the  use  of 
primers  complementary  to  the  sequence  spanning  the  splice 
acceptor  site  unique  for  (he  particular  transcript  (S4B  at  nucle¬ 
otide  5357  for  rar  mRNA  and  S7B  at  nucleotide  5557  for  ncj 
mRNA). 

In  the  current  study,  we  have  used  nested  sets  of  primers  to 
perlorm  I’CR  on  RNA  extracted  from  patient  peripheral  blood 
mononuclear  cells  (PBMCs)  at  various  stages  of  disease,  as 
characterized  by  the  number  of  CD4  ‘  lymphocytes.  We  have 
identified  .structural  as  well  as  regulatory  poly(A)*  RNA  tran- 
seripts  in  patients  with  a  wide  range  of  CD4  cell  counts.  We 
demonstrated  aenve  transcription  of  mRNA  from  several  re¬ 
gions  of  the  HI  V- 1  genome  in  patients  who  have  no  symptomatic 
disease  as  well  as  in  those  who  have  AIDS 
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Patients 

Blood  was  drawn  from  48  H IV- 1 -seropositive  patients  pre¬ 
senting  to  the  Washington  University  AIDS  Clinical  Trials  Unit 
(ACTU)  between  October  1991  and  May  1992.  Most  patients 
were  being  screened  for  entry  onto  ACTU  protocols  and  37 
patients  had  not  previously  received  an  antiretroviral  drug 
(Table  I).  All  patients  gave  informed  consent. 


FIG.  1.  HIV-1  RNA  RT-PCR  analysis.  (A)  The  schematic 
drawing  of  the  HIV- 1  genome  is  shown  with  the  nucleotide 
positions  relative  to  the  RNA  initiation  site  indicated  above. 
Genes  encoding  structural  proteins  and  regulatory  proteins  are 
indicated  separately.  (B)  The  unspliced  transcript  that  encodes 
Gag  and  Pol  proteins  is  indicated  as  well  as  the  positions  of  the 
nested  primer  sets  in  each  gene.  Arrows  indicate  positions  of  the 
primers,  and  the  designation  lor  each  primer  is  show  n  in  the  box 
above  or  below  the  arrow.  Nucleotide  positions  of  the  primers 
are  indicated  outside  the  boxes.  The  predicted  sizes  of  the 
products  of  the  nested  PCR  reactions  are  underlined  and  indi¬ 
cated  below  (he  boxes  In  the  case  of  env-genomic  products,  the 
actual  product  size  was  22  bp  larger  than  the  genome  locations 
would  indicate  because  of  the  addition  of  I  I  bp  on  each  primer, 
including  an  t'.eo Rl  restriction  enzyme  site  (C)  The  single- 
spliced  transcript  encoding  Fan  and  Vpu  products  is  indicated 
with  the  dotted  line  indicating  the  intron  that  is  removed  by 
splicing.  The  nested  cm  -genomic  primers  are  indicated,  as  well 
as  the  cm  -spliced  primers  (D)  The  multiple-spliced  transcripts 
are  represented  by  a  schematic  showing  one  of  the  tat  mRNAs 
In  each  case,  the  first  round  of  I’CR  w  as  performed  w ith  primers 
SI  and  SI  I  shown  in  the  5'-  and  3 '-most  exons.  Ihe  second 
round  of  I’CR  was  performed  w  ith  primers  S4B  (for tat  mRNAs) 
or  S7B  (for  «<■/  mRNAs).  both  ol  which  span  the  first  splice  site, 
and  w ith  primer  I  ,A4  I .  found  in  the  3'  most  exon  The  predicted 
nested  I’CR  product  sizes  for  tat  and  net  transcripts  are  under 
lined  and  indicated  to  the  right.  (F)  Reaction  conditions  tor  IT  K 
are  listed 
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Tabit:  1.  Immunological  Mhasurkmhnts  and  Poi.ymlkasi  Chain  Riaction  Rlslt.ts  on  I*  a  mini  Cow  mi 


Immunological  !’(  R  results 


Patient 

No 

CDC 

class 

CD4 ' 
(No) 

Cl  >4 

(c/<) 
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(No.) 

CDS 

c/<) 
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A  VI'' 
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1 

C3 

0 

0 
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- 
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0.03 

Yes 

4- 

- 

- 

- 

- 

- 

9 

B3 

32 

5 

486 

76 
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10 

B3 

62 

4 

1287 

83 
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f 
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B3 
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0.12 

4- 

- 

- 

- 

- 

- 

- 

12 

B3 

'05 

5 

990 

47 
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- 
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4 

4 
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• 

t 

16 

B3 

191 

1  1 
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68 

0.16 
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4 

- 

4 

17 

B3 
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53 
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4- 

+ 

I 

4 

18 

A2 
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16 
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56 

0.29 

- 

- 

- 

4- 

4- 

4 

19 

B2 
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16 
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54 

0.30 

4- 

4 

•4 

- 

4 

- 

20 

A2 
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15 
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62 

0.24 

4 

4- 

4 

4 

- 

4 

- 

21 

A2 
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25 
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55 

0.45 

- 

-4 

4 

- 

- 

- 

- 

22 

B 1 

306 

29 
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42 

0.69 

- 

- 

4- 

4 

- 

- 

- 

23 

B2 
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17 

1420 

58 

0.29 

- 

+ 

- 

4- 

- 

4- 

- 

24 

B2 
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28 
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43 

0.65 

4- 

4- 

- 

- 

- 

4 

- 

25 

A2 
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23 
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60 

0.38 

4- 

+ 

+ 

- 

- 

4 

- 

26 

B2 
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28 
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59 

0.47 

4- 

- 

+ 

4 

- 

4 

4 

27 

A2 
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22 
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57 

0.39 

4- 

4- 

4 

4- 

- 

- 

- 

28 

B2 
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14 
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61 

0.23 

4- 

4- 

4 

4 

- 

- 

- 

29 

B2 
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25 
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54 

0.46 

- 

- 

- 

- 

- 

- 

- 

30 

A2 
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29 
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51 

0.57 

- 

- 

- 

- 

- 

4- 

- 
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A2 
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30 

626 

48 
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- 
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4 

- 

- 

- 

32 

A2 
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17 
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58 

0.29 
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4- 

+ 

4- 

4 

4 

4 

- 

33 

A2 
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58 

0.34 

- 
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4- 

4 

- 

- 

- 
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A2 
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16 
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+ 
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4 

4 
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- 
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I 
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- 
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33 
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46 

0.72 

4 

- 

- 

- 

45 

A 1 
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26 
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53 

0.49 
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- 

4 

4 

- 

46 

A 1 
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31 
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53 

0.59 

- 

4 

- 

t 

- 

4 

47 

A 1 
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52 
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30 

1 .73 

48 

A 1 

1280 

49 
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27 

1.81 

- 

i 

'  AV  I',  antiviral  therapy:  yes.  patients  were  known  to  have  been  on  therapy  w  ithin  the  previous  6  months;  blanks  indicate  patient 
had  not  been  on  therapy 


Cells 

Peripheral  blood  mononuclear  cells  were  purified  bv  l  icoll- 
Hypaquc  (LSM.  Organon  Teknika  Corp  ,  Durham.  NO  gradi¬ 
ent  centrifugation  from  heparini/ed  venous  blood  of  patients 
Separated  cells  were  washed  twice  with  phosphate-buffered 
saline  (PBS)  and  aliquots  were  suspended  in  free/e  medium 


(10 c/i  dimethylsulloxide  |DMS()|  and  40';  fetal  salt  serum  in 
RPMI  medium  I  and  viably  frozen  at  75r'(" 

Purification  and  i/nann/alion  oj  polxadcnylatcd  K\.\ 

Samples  of  patient  cells,  frozen  as  described  above,  were 
thawed,  and  the  number  ol  viable  cells  counted  in  the  presence 
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ot  trypan  blue  (>95%  viable).  Aliquots  of  5  x  1  O'’ cells  were 
used  for  isolation  of  poly(A)  RNA  according  to  the  Micr'-Fast 
Track  procedure  (Invitrogen,  San  Diego,  CA)  The  purified 
poly(A)*  RNA  was  treated  with  RNase-free  DNase  I  (40  units: 
Boehringer  Mannheim,  Indianapolis,  IN)  at  37CC  for  10  min  in 
the  presence  of  1  p.g  of  carrier  tRNA.  10  mM  MgCE,  0  1  m.M 
dithiothreitol,  and  200  U  of  RNasin  (Promega.  Madison.  WI) 
Each  reaction  was  stopped  by  addition  of  4  pi  of  0.5  M 
ethylcnediaminetetraacctic  acid  (EDTA)  and  4  pi  of  10% 
sodium  dodecyl  sulfate  (SDS).  DNase-treated  poly(A)‘  RNA 
was  extracted  once  with  phenol-chloroform-isoamyl  alcohol 
(100:06:4)  and  the  aqueous  phase  was  precipitated  by  the 
addition  of  glycogen  carrier  ( 10  pi).  30  pi  of  2  M  sodium 
acetate,  and  3  vol  of  cold  ethanol  and  kept  at  -70°C  overnight. 
The  precipitate  was  collected  by  centrifugation,  dried  at  room 
temperature,  and  dissolved  in  elution  butter 

Quantitation  of  polv(A)  *  RNA  w  as  accomplished  by  measur¬ 
ing  the  incorporation  of  oligo(dT)-directed  incorporation  in  the 
presence  of  Moloney  murine  leukemia  virus  (M-MuLV)  reverse 
transcriptase  < RT )  of  |  *H|dCTP  into  DE8 1 -retainable  material, 
using  purified  globin  mRNA  (GIBCO/BRL/Life  Technologies. 
Gaithersburg,  MD)  as  a  standard.  A  2-pl  sample  of  each  purified 
RNA  from  above  was  denatured  at  65°C  for  3  min  and  then 
added  to  a  reaction  mixture  (final  volume.  20  pi)  containing  the 
following:  80  U  of  RNasin.  0.02  OD  of  oligo  p(dT),,  0.4 

mM  each  of  dATP.  dGTP.  and  dTTP.  5  pCi  of  |'H|dCTP  (28 
Ci/mmot:  ICN  Radiochemicals.  Irvine,  CA).  50  mM  Tris-HCI 
(pH  8.3).  30  mM  KCI,  8  mM  MgCL.  I  niM  dithiothreitol,  and 
20  U  of  M-MuLV  RT  (GIBCO/BRL,  Gaithersburg.  MD).  The 
reaction  was  incubated  at  37°C  for  I  hr  and  stopped  by  the 
addition  of  4  vol  of  10  mM  Tris-HCI  (pH  7.5)  containing  I  mM 
EDTA.  Duplicate  50- pi  samples  were  spotted  onto  DE8I  filter 
paper  disks  and  dried.  Filters  were  washed  five  times  in  5% 
sodium  phosphate  dibasic,  once  in  95%  ethanol,  dried,  and 
counted  in  a  liquid  scintillation  counter.  A  standard  curve  using 
50  pg  to  2.5  ng  of  purified  globin  mRNA  was  run  with  each 
assay  and  was  used  to  calculate  RNA  concentrations  of  patient 
samples.  Samples  that  did  not  fall  within  the  linear  portion  of  the 
standard  curve  were  diluted  appropriately  and  the  assay  re¬ 
peated. 

Reverse  Transcriptase-Polymerase  Chain  Reaction 

The  RT  reaction  was  perlormed  using  1 .5  x  l()'  cell  equiva¬ 
lents  of  RNA  in  a  final  volume  of  20  pi  containing  the  following: 
I  mM  each  of  dATP.  dCTP.  dGTP.  and  dTTP.  6.5  mM  MgCE. 
10  mM  Tris-HCI  (pH  8.3).  50  mM  KCI.  20  U  of  RNasin.  2.5 
pM  random  primers  (GIBCO/BRL)  and  2.5  U  of  M-MuLV  RT 
(GIBCO/BRL).  The  reaction  was  incubated  at  room  temperature 
lor  10  min  and  then  at  42 "C  for  35  min  and  was  terminated  by 
heating  at  99°C  for  5  min 

For  PCR.  the  20 -pi  reaction  from  above  was  added  to  a  final 
volume  of  50  pi  containing  the  following:  400  pM  each  of 
dATP.  dCTP.  dGTP.  and  dTTP.  10  mM  Tris-HCI  (pH  8  3).  50 
mM  KCI.  0.01%  gelatin,  10  ptnol  of  each  primer.  1.25  units  of 
Taq  polymerase  (Amplilaq:  Cetus  Corp  .  Emeryville.  CA)  and 
MgCI,  as  shown  in  Fig  If.  Primers,  annealing  temperatures, 
cycle  numbers,  and  expected  product  sizes  for  PCR  amplifica¬ 
tions  are  shown  in  Fig  IB-E  The  genomic  locations  of  all  JA 
primers  were  given  by  Albert  and  Fenyo.1'  The  env  primer  set 


IJA9E.  JA10E.  JA1  IE,  and  JAI2E)  is  as  described  by  Albert 
and  Fenyo,  •.v:*1’  tl.e  addition  of  an  f.VnR.i  site  at  the  5"  end  of 
each  primer.  SK  primers  were  as  described  by  Ou  et  a!."' 
(3-Actin  primers  were  described  b'  Michael  et  al.'1  The  se¬ 
quences  of  other  primers  are  as  follows: 

SI :  5-TCTCTCGACGCAGGACTCGGCTTGC-.V  (HIV-I 
nucleotides:  226-250) 

Senv:  5 '  -CCAC  AC  A  ACT  ATTGCT  ATTATT  -  3 '  (HIV- 1 
nucleotides:  5707-5686) 

SI  I:  5 '  -TCCAGTCCCCCCTTTTCTTn'A  A  A  A  A  -  3 ' 

(HIV-I  nucleotides:  8641-8666) 

S4B:  5'-GAGGGGCGGCGACTGAATTGGGTGTC-3' 
(HIV-1  nucleotides:  275-287.  5357-5368) 

S7B:  5 '  -GGGGCGGCG  ACTGG  A  AG  A  AGCGG  AG  A  -  3 ' 
(HIV-I  nucleotides:  275-287.  5557-5569) 

L A4 1  v  5 '  -CTTCGGGCCTGTCGGGTCCCCTCGGG  -  3 
(HIV-I  nucleotides:  7995-7970) 

NcfAS:  5 -AGCACTCAAGGCAAGCTTTATTGAG-3' 
(HIV-I  nucleotides:  9210-9186) 

8306:  5'-TTCCGAATTCAAGCTTGTAGAGCTATTCGC 
C-3'  (HIV-I  nucleotides:  8306-8325) 

9134:  5 -TTCCGAATTCGAGCTCCCAGGCTCAGATCT 
GG-3'  (HIV-I  nucleotides:  9134-9113) 

The  initial  RT-PCR  assay  on  a  particular  RNA  preparation 
included  reactions  with  or  without  the  RT.  as  a  control.  Only 
samples  that  yielded  no  product  in  the  absence  of  RT.  thus 
indicating  the  complete  removal  of  DNA.  were  used  for  further 
analysis.  DNA  products  were  analyzed  by  agarose  gel  electro¬ 
phoresis  and  ethidium  bromide  staining. 

Sensitivity  of  tat  and  nef  polymerase  chain  reaction 

The  plasmid  pCVI ,  containing  1 ,8-kb  insert  of  a  cDNA  copy 
of  tat  mRNA.  and  the  plasmid  pCV3.  containing  a  1 ,7-kb  insert 
of  a  cDNA  copy  of  nef  mRNA.'1  were  used  to  determine  the 
sensitivity  of  the  to;  and  nef  nested  PCR  reactions  using  DN  A  as 
a  target.  SI  and  SI  1  were  used  in  both  cases  as  the  outside 
primers  ( lig.  I D)  With  pCV  I .  at  least  seven  copies  of  tat  DNA 
could  be  detected  in  a  reaction  mixture  when  S4B  and  La41V 
were  used  as  the  inside  primers.  With  pCV3  DNA  as  a  target  and 
S7B  and  La4l  V  as  inside  primers,  at  least  seven  copies  of  DNA 
could  be  detected  by  PCR 

The  sensitivity  of  the  nested  PCR  reaction  for  detection  of  tat 
and  nef  RNA  transcripts  was  also  determined  pCV  I  and  pCV  3 
were  digested  with  P.s/I  and  cloned  into  Bluescript  KS  (Pharma¬ 
cia  LKB  Biotechnology.  Piscataway.  NJ).  Bluescript  plasmids 
were  linearized  using  .S’rmrl  for  the  tat  plasmid  or  /:VnRI  lor  the 
nef ’plasmid.  In  vitro  transcription  products  were  synthesized 
with  T3  or  T7  polymerase  according  '<>  a  standard  protocol 
(Promega)  using  an  in  vitro  transcription  kit  (Stratagenc.  La 
Jolla.  CA).  RNA  products  were  treated  with  DNase  I  prior  to 
analysis  on  ethidium  bromide  stained  formaldehyde  gels  RNA 
was  purified  through  two  push  columns  (.Stratagenc)  and  the 
optical  density  of  the  final  product  w  as  determined  and  used  to 
calculate  RNA  copy  number  lor  PCR  sensitivity  analysis  Our 
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nested  primer  method  could  consistently  detect  10  to  1(K)  copies 
of  in  vitros\ nthesi/ed  transcripts. 


RESULTS 

Immunological  characteristics  of  study  patients 

Blood  samples  from  the  48  patients  were  analyzed  for  immu¬ 
nological  markers  CD4  *  lymphocyte  counts  ranged  from  0  to 
1280/mm'  (mean.  352/mm':  normal  range.  1000-1500/mm1). 
CD4  percentage  ranged  from  0  to  52%  (mean  20',; );  CD8  *  cell 
counts  ranged  from  37  to  2065/mm ■'  (mean.  924/mm');  CD<8 
percentage  ranged  from  22  to  85  (mean.  55%);  and  CD4/CD8 
ratio  ranged  from  0  to  1.81  (mean.  0.21).  The  subjects  are  listed 
in  Table  I  according  to  increasing  CD4  1  lymphocyte  counts. 

Strategy  for  the  detection  of  HIV  RNAs 

As  shown  in  Fig.  1 ,  HIV  RNAs  were  detected  with  nested  sets 
of  PCR  primers.  The  locations  of  primers  within  the  HIV 
genome  and  relative  to  each  other  are  shown  in  Fig.  I B-D. 
Primer  pairs  for  gag  and  pal  were  designed  to  amplify  unspliccd 
RNAs  (Fig.  I B).  and  primer  pairs  for  env- spliced  (Fig.  1C),  tat 
(Fig.  ID).  «f/(Fig.  ID),  and  ne/-sequenee  (using  primers  S7B 
and  NefAs  in  the  first  round  and  primers  8306  and  91.34  in  the 
second  round.  Fig.  IE)  were  designed  to  amplify  spliced 
mRNA.  Whereas  primers  for  cm1- genomic  are  capable  of  ampli¬ 
fying  both  unspliced  and  single-spliced  transcripts,  primers  for 
cm- spliced  amplify  only  spliced  env  mRNA.  Two  different  sets 
of  primers  were  utilized  for  nef  mRNA  which  amplify  products 
of  108  bp  ( nef)  or  828  bp  (ri  (/-sequence)  For  RNA  preparations 
in  which  HIV-specific  transcripts  were  not  detected,  the  quality 
of  the  RNA  was  confirmed  by  RT-PCR  with  fi-actin  primers 
(Fig.  IE). 

Detection  of  HIV  RNAs 

The  results  of  the  nested  PCR  assays  for  HIV  RNA  with  seven 
different  sets  of  primers  are  shown  in  Table  1 .  Of  the  48  patient 
samples  that  were  analyzed  with  all  7  sets  of  nested  primers,  45 
(93.8%)  were  positive  with  at  least  I  set  of  HIV-specific 
primers.  The  three  samples  in  which  no  HIV-I  transcripts  were 
detected  were  obtained  from  patients  with  CD4  cell  counts  ol 
383.  587.  and  902/mm\  respectively.  None  of  the  latter  three 
patients  had  received  antiretroviral  therapy. 

When  nested  sets  of  primers  were  used  for  the  detection  of 
unspliced  RNAs.  the  gag  primer  set  yielded  29  of  48  (60 01 ) 
positive  results,  the  pol  nested  primer  set  yielded  30 of  48  (63%  ) 
positive  results,  and  the  env- genomic  nested  primer  set  yielded 
31  of  48  1 6 5%  )  positive.  All  of  these  primer  sets  should  detect 
unspliccd  RNA.  whereas  the  em-genomic  primer  set  should  also 
detect  spliced  env  RNA  species.  There  was  good  correlation 
Itetween  the  results  with  gag  and  pol  primer  sets,  with  23 
samples  yielding  positive  results  with  both  primer  sets.  6 
samples  yielding  positive  results  w  ith  the  gag  primer  set  but  not 
the  pol  primer  set.  and  7  samples  yielding  positive  results  with 
the  pol  primer  set  but  not  the  gag  primer  set  Discordances  may 
be  due  to  sequence  variation  at  sites  of  binding  of  individual 
primers  Twenty-two  samples  were  positive  with  em-genomic 


primers  as  well  as  both  gag  and  put  primer  sets,  5  samples  were 
positive  w  ith  cm  genomic  primers  and  gag  or  pul  primer  sets.  4 
samples  were  positive  with  cm  genomic  primers  hut  neither  gag 
nor  pul  primers,  and  II  samples  negative  with  cm -genomic 
primers  were  positive  with  gag  and  or  pol  primers 

When  nested  sets  of  primers  were  used  lor  the  detection  ol 
spliced  RNAs.  the  cm -spliced  primer  set  yielded  21  ol  48  (44%  ) 
positive  results,  the  tat  set  yielded  3  of  48  (6.2%  I  positive 
results,  nef 'primers  yielded  28  of  53  (53%  )  positive  results,  and 
the  «<•/- sequence  primer  set  yielded  9  ol  48  1 19'.; )  positive 
results.  Discrepancies  between  the  two  different  nej  primer  sets 
may  be  due  to  sequence  heterogeneity,  as  well  as  m  the  lower 
sensitivity  of  the  nc/  sequcncc  primer  set  compared  to  the  net 
primer  set. 

Kendall  Tau  b cor  elation  coefficients  and  p  values  of  signif¬ 
icant  inverse  correlations  were  determined  between  results  of 
transcript  detection  and  immunological  parameters  and  clinical 
parameters.  Table  2 1 7,1  shows  the  results  of  these  calculations  for 
transcripts  that  either  approached  or  attained  statistical  signi¬ 
ficance  when  correlated  with  various  immunological  parame¬ 
ters.  Statistical  significance  (at  the  level  of  p  ■  (1.05)  was 
achieved  in  the  correlation  of  gag  transcripts  with  CD4  cell 
count.  CDC  clinical  stage,  and  CDC  clinical/CD4  stage,  pul 
transcripts  with  CD4%  .  cm  -genomic  transcripts  with  CD4% 
and  nef- sequence  transcripts  with  CDS'/i . 


DISCUSSION 

Our  results  support  and  extend  the  conclusions  of  other 
investigators  who  have  documented  the  presence  of  HIV-I 
transcripts  at  all  stages  of  disease.  Thus,  we  and  others  have 
detected  mRNA  for  structural  proteins  in  a  high  percentage  of 
patients,  and  at  all  levels  of  CD4  lymphocytes/’1*1''  In  addi¬ 
tion,  our  study  is  the  first  to  examine  the  expression  of  tat  and  nef 
mRNAs  in  a  cross-sectional  cohort  of  subjects.  We  have  show  n 
that  mRNAs  for  these  regulatory  proteins  are  also  present  in 
peripheral  blood  mononuclear  cells  of  patients  with  CD4  cell 
counts  in  the  range  of  0  to  822  eells/mm  \  Whereas  tar  mRNA  is 
rarely  detectable  under  the  current  assay  conditions,  net  mRNA 
is  detectable  in  the  majority  of  HIV-I  -infected  individuals.  The 
higher  level  of  nef  than  tat  transcripts  may  be  a  reflection  ol 
similar  results  obtained  in  studies  of  I II V - 1  infection  in 
vitro  f"  Rev  is  another  important  HIV  regulatory  protein,  but 
has  not  been  included  in  this  present  analysis  of  patient  PBMCs 

Schmttman  el  a!  used  an  RT-PCR  technique  to  assess  the 
transcriptional  activity  ol  HIV-I  m  peripheral  blood  mononu¬ 
clear  cells  from  infected  patients.''  They  found  viral  transcripts 
in  84%  ol  the  individuals,  regardless  of  the  clinical  status  of  their 
HIV  disease  or  the  use  ol  antiretroviral  therapies  In  addition, 
they  showed  a  significant  inverse  correlation  between  the  pres¬ 
ence  of  gag  mRNA  and  (1)4  counts  ol  less  than  30%  This 
finding  is  confirmed  in  the  present  study,  and  extended  by 
demonstrating  that  cm -genomic  transcripts  were  also  signifi¬ 
cantly  associated  with  depressed  CD4%  and  CD4  CDS  ratio  It 
remains  to  he  determined  by  longitudinal  studies  whether  the 
presence  of  any  of  these  transcripts  in  the  peripheral  blood 
mononuclear  cells  of  a  single  patient  is  predictive  ol  more  rapid 
progression  or  more  severe  disease. 
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Table:  2.  Ki.ndali.  Tap  b  Gorki  i.aiion  Analysis  He  twt  i  n  Pkl.ninci  or  HIV- 1  RNA 

TRANSCRIPTS  AND  I.MMONOI  (KilCAl  P.AKAMI  11KS 


ARENS  KT  AL. 


Gate 

Correlation  coeffi 

cicnt  ( P) 

('04 

Cl)4  (%) 

CDK 

ens  c/,  i 

C04/CDS 

CPC- 
cl  in 

(/)Ch 

chn!(l)4 

gug 

-0.25 

-0.24 

-0.18 

-  0.02 

-0.21 

0.36 

0.38 

(0.03) 

(0.05) 

(0.13) 

(0.90) 

(0.08) 

(0.011 

(0.003) 

pot 

-0.17 

-0.25 

0.02 

0.09 

0.22 

0  16 

0.16 

(0.16) 

(0.04) 

(0.88) 

(0.47) 

(006) 

(0.25) 

(0.22) 

env-gen 

0.22 

-0.29 

-0.07 

0.20 

-0.27 

0.12 

0.13 

(0.06) 

(0.02) 

(0.56) 

(Oil) 

(0.02) 

(0.40) 

(0.31) 

nef 

0.09 

0.006 

0.20 

0  10 

0.009 

-0.27 

-0.15 

(0.94) 

(0.96) 

(0.09) 

(0.43) 

(0.94) 

(0.05) 

(0.24) 

nef-setf 

-0.08 

-0.02 

0.21 

0.28 

-0.04 

-0  09 

-  0.05 

(0.95) 

(0.87) 

(0.08) 

(0.02) 

(0.72) 

<0  53) 

(0.71) 

'CDC  classification  of  HIV  infection  based  on  clinical  status.  Categories  are  ( I )  asymptomatic. 
(2)  symptomatic,  non-AIDS,  and  (3)  AIDS-indication  illness. 

bCDC  classification  of  HIV  infection  based  on  clinical  status  and  CD4  cell  count.  Above 
categories  are  subdivided  into  three  groups:  CD4  count  >5(K)/mm'.  200-499/mm\  and  <200 


Schnittman  etal.  also  detected  spliced  mRN  As  containing  the 
major  splice  junction  (msj)  and  tat/rev S'  Only  6  of  49  patients 
had  detectable  msj  transcripts  whereas  29  of  49  had  tailrev 
transcripts  but  no  significant  correlations  with  other  parameters 
were  demonstrated.  We  detected  tat  mRNA  in  only  3  of  48 
patients,  nef  was  detected  in  24  of  48.  and,  using  nef- sequence 
primers,  we  detected  ne/RNA  in  9  of  48.  There  was  a  significant 
(p  =  0.02)  correlation  ofCD8%  with  the  presence  of  transcripts 
detectable  with  the  ne/-sequence  primer  set.  The  significance  of 
this  finding  with  respect  to  disease  stage  or  progression  is  not 
certain  at  present.  The  ability  of  these  PCR  techniques  to  detect 
unspliced  and  spliced  HIV  RNAs  in  patient  PBMCs  at  all  stages 
of  disease  demonstrates  the  breadth  of  transcriptional  activity  of 
HIV. 

Others  have  described  analyses  of  PBMC  RNA  for  tat 
mRNA.  f-urtado  ct  al.  performed  PCR  on  6.6  x  I  O'  cell 
equivalents  ol  total  cellular  RNA  with  an  internal  tat  RNA 
control,  and  calculated  a  range  of  2500-6501)  copies  of  lot 
mRNA/IO'’  PBMC."'  Patterson  cl  al.  used  PCR-driven  in  situ 
hybridization  on  patient  PBMCs.  and  detected  tat  RNA  in  <  |  to 
8  '/<  of  cel  Is." 4  The  differences  between  these  results  and  our  data 
may  be  accounted  for  by  the  different  RNA  extraction  methods, 
different  amounts  of  RNA  in  the  assay,  different  PCR  tech¬ 
niques.  or  different  primers  used  for  PCR. 

Michael  ct  at.  have  demonstrated  that  progression  of  HIV 
disease  is  characterized  by  a  conversion  of  transcripts  from 
spliced  to  unspliced  genomic  RNA  17  Sehsama  and  colleagues 
also  reported  higher  ratios  of  levels  of  spliced  and  unsplieed 
rnRNAs  in  asymptomatic  HIV- 1 -infected  Individuals  compared 
to  AIDS  patients.2'  These  findings  reflect  the  findings  obtained 
with  an  in  vitro  model  of  HIV- 1  latency,  which  shows  a 
preponderance  of  multiple-spliced  over  unsplieed  transcripts 
When  HIV- 1  is  activated  from  latency  in  vitro,  the  ratio  ol 
unsplieed  to  multiple-spliced  transcripts  increases."'’  Although 
our  data  are  not  quantitative,  the  significant  inverse  correlations 


of  the  presence  of  gai>  and  w-genomic  transcripts  with  CD4 
number  and  percentage  support  these  observations. 

The  current  study  is  limited  to  examining  cellular  RNAs 
rather  than  free  genomic  RNA  in  the  plasma.  Oltmann  and 
colleagues  demonstrated  HIV- 1  genomic  RNA  in  95%  of  in¬ 
fected  individuals.27  and  Bagnarclli  and  colleagues  show  the 
levels  of  plasma  RNA  correlated  with  disease  stage  better  than 
did  the  levels  of  cell-associated  RNAs.2*  The  current  study  is 
also  limited  to  examining  viral  transcripts  in  PBMCs.  which 
may  differ  from  rnRNAs  present  in  tissues.  Analysis  of  viral 
transcription  in  vivo  should  provide  further  understanding  of 
HIV- 1  pathogenesis,  and  may  serve  as  a  marker  for  monitoring 
antiviral  therapies. 
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